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ABSTRACT 
 
Stochastic or probabilistic modeling approaches are being applied more frequently in the 
United States and globally to quantify uncertainty and enhance understanding of model 
response in performance assessments for disposal of radioactive waste. This increased use 
has resulted in global interest in sharing results of research and applied studies that have been 
completed to date. This technical report reflects the results of a workshop that was held to 
share results of research and applied work related to performance assessments conducted at 
United States Department of Energy sites. Key findings of this research and applied work are 
discussed and recommendations for future activities are provided. 
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1.0 EXECUTIVE SUMMARY 
 
1.1 BACKGROUND 
 
Stochastic or probabilistic modeling approaches are being applied more often to quantify 
uncertainty and enhance understanding of model response in performance assessments (PAs) 
for low-level waste (LLW) disposal under DOE Order 435.1 and for waste determinations 
under the Ronald W. Reagan National Defense Authorization Act (NDAA) for Fiscal Year 
2005 Section 3116. Three PAs recently reviewed by the Low-Level Waste Disposal Facility 
Federal Review Group (LFRG) include probabilistic components and there is a strong desire 
on the part of the United States Nuclear Regulatory Commission (NRC) to use risk-informed 
approaches for tank closure PAs.  
 
The timing was deemed to be nearly ideal for an opportunity to gather experts from DOE 
sites, the NRC and various contractors to review and share experiences and lessons learned 
from existing PAs and to discuss areas where improvements can be made based on these 
experiences. A workshop also provides the opportunity to promote communication among 
those conducting PAs to enhance consistency in approaches being used, where it is 
appropriate, and to establish a network of professionals working in the field. 
 
The workshop was attended by 65 people including DOE Field Staff and staff from EM and 
HS at DOE HQ, NRC staff, Site Contractor Staff as well as independent consultants 
providing technical support to DOE Sites. The audience included a mix of people involved in 
the conduct of assessments and those responsible for oversight of assessments. The audience 
had substantial experience conducting deterministic and probabilistic assessments. 
 
1.2 WORKSHOP OBJECTIVES 
 
Five high-level objectives were identified for the workshop: 
• Review applications of probabilistic performance assessments  and share technical 
perspectives, lessons learned and challenges to implementation, 
• Provide a forum for practitioners to identify good practices and share experiences, 
• Improve consistency in application of probabilistic assessments, 
•  Address key implementation and policy issues, 
• Identify references for information that can help improve the application of 
probabilistic approaches. 
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1.3 WORKSHOP APPROACH 
 
The workshop was divided into four topical areas of interest based on lessons learned from 
LFRG reviews to date:  
• Session 1 - Development of distributions for input parameters,  
• Session 2 - Abstraction of details from complex groundwater and vadose zone models 
into simplified models amenable to probabilistic assessments,  
• Session 3 - Implementation of sensitivity and uncertainty analysis, and  
• Session 4 - Policy issues associated with implementation. 
 
Half-day sessions were dedicated to each topical area. Each session included two or three 
brief presentations to provide perspective on lessons learned and areas where guidance may 
be needed. The speakers were selected based on experience with practical involvement in the 
conduct and review of low-level waste performance assessments. The emphasis of the 
presentations was on methods for implementing the different topical issues, and to provide an 
opportunity for some discussion of assessment approaches and probabilistic modeling 
concepts and tools. A Rapporteur was selected to lead each session and moderate discussions 
among the participants.  
 
Key points raised during the discussions were recorded and summarized with the group. 
Lively discussions followed each session and highlighted differing opinions and experiences 
for the implementation of each topical area (Figure 1).  A closing discussion was held to 
summarize key concepts and recommendations from the workshop. 
 
 
 
Figure 1.   Bruce Crowe, NTS, leading the panel discussion after Session 1 (Paul Black, 
Charley Yu, and David Esh are the Panel Members from left to right.) 
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1.4 KEY POINTS FROM PRESENTATIONS AND DISCUSSIONS 
 
This section includes a summary of the content of the workshop and key topics from the 
presentations and discussions. Table 1 is an overview of the Rapporteurs and speakers for the 
workshop. Details from presentations and discussions in the individual sessions and 
concluding remarks are provided in Chapters 2 – 7.  
 
Table 1.   Summary of Rapporteurs and Speakers 
WELCOMING REMARKS 
 
Martin Letourneau – DOE HQ EM-11, LFRG Chair 
Howard Pope – DOE SR LFRG Representative 
John Marra – Savannah River National Laboratory, Associate Laboratory Director 
 
INTRODUCTORY PRESENTATION 
Probabilistic Sensitivity and Uncertainty Analysis – Background Information and Workshop Context 
Roger Seitz – Savannah River National Laboratory 
SESSION 1 – DEVELOPMENT OF DISTRIBUTIONS 
Rapporteur – Bruce Crowe –  Nevada Test Site 
 
Probabilistic Analysis and Parameter Distributions – Experience Learned in Developing the Probabilistic 
RESRAD Codes 
Charley Yu – Argonne National Laboratory 
Development of Input Data and Distributions for Performance Assessment 
David Esh – US Nuclear Regulatory Commission 
How to Construct Defensible Probability Distributions 
Paul Black – Neptune and Company 
SESSION 2 – MODEL ABSTRACTION 
Rapporteur – Mike Sully – Neptune and Company 
 
Model Abstraction for F Tank Farm Performance Assessment 
Greg Flach/Glenn Taylor – Savannah River National Laboratory 
Groundwater Transport Abstraction in a PA for a LLW Facility, Los Alamos, NM 
Phil Stauffer – Los Alamos National Laboratory 
Model Abstraction and Treatment of Model Uncertainty 
Matt Kozak – Monitor Scientific LLC 
SESSION 3 – IMPLEMENTATION OF SENSITIVITY AND UNCERTAINTY ANALYSIS 
Rapporteur – Marc Wood – Fluor Hanford 
 
Sensitivity and Uncertainty Analysis for LLW Performance Assessment 
Art Rood – Idaho National Laboratory 
The Roles of Uncertainty Analysis and Sensitivity Analysis in Real World Decision Making 
Paul Black – Neptune and Company 
So That All Works in Theory – How Does it Happen? Implementation Issues in Uncertainty and 
Sensitivity Analysis 
John Tauxe – Neptune and Company 
SESSION 4 – POLICY IMPLICATIONS 
Rapporteur – Roger Seitz – Savannah River National Laboratory 
 
LFRG Perspectives for Implementation of Probabilistic Approaches 
Howard Pope – DOE Savannah River Operations LFRG Representative 
DOE HQ HS Perspectives for Implementation of Probabilistic Approaches 
Andy Wallo – DOE HQ Office of Health, Safety and Security 
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1.4.1 Introductory Remarks 
 
Key points from the introductory remarks: 
• Promote improved consistency by bringing the PA community together on a regular 
basis to share experiences and lessons learned, showcase good modeling practices and 
encourage communication among practitioners, 
• NRC supports increased use of probabilistic approaches for Tank Closure PAs and 
DOE sites are starting to use probabilistic approaches for LLW disposal facility PAs, 
• Multiple performance assessments are underway and improved communication and 
sharing of experiences will improve consistency in implementation of deterministic 
and probabilistic approaches, 
• Importance of maintaining perspective of performance measures relative to 
background and other radiation exposure limits, 
• Decision based approach for performance assessment rather than a modeling exercise, 
• Utility of what is being called a “hybrid” approach for PAs taking advantage of 
benefits of both deterministic and probabilistic models, and 
• Critical role of sensitivity analysis to focus reviewers’ attention on key parameters 
and to identify the most beneficial areas for future work. The term “importance 
analysis” is used to reflect the way sensitivity analysis is implemented in PAs as a 
decision-focused application that is a focused and enhanced version of traditional 
sensitivity analysis. 
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1.4.2 Session 1 – Development of Distributions 
 
Key points from the presentations and discussions were: 
• Importance of using site-specific information for development of probability density 
functions for input parameters, 
• Discussion of available resources for data and the potential value of conducting 
retrospective reviews of data and approaches from existing analyses, 
• Importance of representativeness of distributions (start simple, represent the 
uncertainty of data limitations, but recognize that wide distributions can bias the 
distribution of results), 
• Role of temporal and spatial averaging, and parameter correlations in developing 
appropriate input distributions, 
• Using a risk-informed perspective involving a focus on continuing improvement and 
refinement of key parameters that impact decisions or performance objectives,  
• Benefits of a data resource that includes links to the input data and the conceptual 
basis for developing the distributions used in assessments (e.g., literature references 
and/or developing a complex-wide resource of data references, potentially a 
Wikipedia-type approach), 
• Discussion of available guidance for development of distributions and associated 
challenges, 
• Debate about consideration of uncertainties in dose factors and probabilities of 
scenarios, 
• Healthy skepticism about the use of probabilistic models and their strengths and 
weakness compared to traditional use of deterministic models, and 
• Need for further detailed discussions and guidance regarding approaches for 
development of distributions (potential follow-on workshop). 
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1.4.3 Session 2 – Model Abstraction 
 
Key points from the presentation and discussions were: 
 
• Difficulties in interpreting when a system is amenable to simplification, and 
establishing a conceptual model for simplified systems, 
• Risks of simplification in the context of defensibility of the model – the simiplified 
model should be shown to adequately represent the more complex deterministic 
model, 
• Recognition of additional benefits of having a simplified model (e.g., facilitate rapid 
turnaround for special analyses, ease of explanation to stakeholders, quality checks 
for both the simple and complex model, composite analyses), 
• Issue of determining when a deterministic approach is sufficient, 
• Benefit of conducting retrospective reviews of PAs to date to collect information on 
successful simplifications, use of multiple conceptual models, etc., 
• Need for recommendations regarding a structured approach for model abstraction 
with basic guidelines for acceptability, and 
• Value of intercomparisons with other codes and field data to further build confidence 
in complex and simplified models. 
 
1.4.4 Session 3 – Implementation of Sensitivity and Uncertainty Analysis 
 
Key points from this session included: 
 
• The analysis needs to be focused on the objective of the PA (informing a decision 
regarding compliance), 
• Distributions should be consistent with supporting information, recognizing that 
broad distributions can lead to skewed results. Depending on the information 
available, it is desirable to focus on average behavior in distributions to avoid 
unnecessarily extreme skewing of results, 
• General agreement that processes exist for sensitivity and uncertainty analysis, but 
need some customization for unique issues with PAs, 
• Importance of using an iterative approach in which sensitivity analyses are used to 
identify key parameters or assumptions requiring additional data gathering and/or 
refinement of input parameters in each successive iteration, 
• Concept of importance analysis which reflects a sensitivity analysis that is focused on 
sensitive assumptions relative to conclusions from the modeling, not necessarily 
global sensitivities in the model, 
• Role of a robust sensitivity analysis as part of a demonstration that the system 
dynamics are relatively well understood, thereby increasing confidence that the 
uncertainty analysis, and the PA in general, are reliable and sufficient for use in 
decision-making, 
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• Benefits of a “hybrid” approach that uses both deterministic and probabilistic 
calculations to better inform a decision, 
• Difficulties in conducting sensitivity analyses for non-linear systems and specialized 
probabilistic methods which can be applied to non-linear systems 
• Guidelines on how to know when an abstracted model sufficiently represents the 
system being addressed to be used for a sensitivity analysis,  
• Difficulties in addressing low probability scenarios, multiple failure cases, and 
multiple conceptual models in a deterministic framework, and 
• Importance of recognizing that different assumptions will be most sensitive 
depending on the time in the analysis (e.g., factors affecting mobile radionuclides are 
more significant at early times) and the need to conduct multiple sensitivity cases for 
different peaks in the analysis. 
 
1.4.5 Session 4-Policy Implications 
 
Key points from the discussion included: 
 
• Difficulties in applying probabilistic results other than the mean and median for 
compliance assessments against deterministic standards,   
• Fundamental questions of how to address cases where results after the time of 
compliance exceed a standard (applies to both deterministic and probabilistic 
modeling approaches), 
• Need to recognize that the intent of PA is to inform decisions, not force decisions by 
setting too many specific numerical criteria. Probabilistic modeling results provide 
increased quantification of uncertainty in model output, which can be useful to 
provide broader perspective regarding the range of potential results. However, 
probabilistic distributions of results need to be applied with appropriate cautions, 
especially when interpreting the significance of tails of distributions.  
• Need for guidance on how to address low-probability what-if cases and situations 
involving multiple failure modes or multiple conceptual models,  
• Parallels between safety analysis for both deterministic and probabilistic approaches 
and comparisons with the “hybrid” approach that has been used more recently for 
PAs, and 
• Need for guidance on conduct of screening and development of waste concentration 
and inventory limits using probabilistic approaches. 
 
1.5 WORKSHOP CONCLUSIONS AND RECOMMENDATIONS 
 
In the opening remarks for the Workshop, it was pointed out that it had been several years 
since such a gathering of people involved in performance assessments had been held. In the 
context of improving consistency, the importance of fostering improved communication 
among the people conducting assessments was recognized by all.  
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1.5.1 Overall Impressions 
The presentations and discussions highlighted the fact that there remains healthy skepticism 
regarding both probabilistic and deterministic approaches. The group did not see this as a 
negative. The consensus was this skepticism simply reflects the need for PA practitioners to 
demonstrate that a thoughtful approach has been used for the assessment rather than relying 
on a technique to do the thinking. The importance of conducting PAs that are focused on the 
specific objectives (generally, informing a decision regarding compliance) rather than 
treating the effort as a modeling exercise was also emphasized many times. PA models can 
be so complex, it is essential to keep such an objective in mind throughout the process to 
avoid getting sidetracked on activities that do not contribute to achieving the real goal.  
 
The importance of an iterative approach using sensitivity analysis as a tool was highlighted 
throughout the discussions and presentations. Although people tend to think of uncertainty 
analysis first, it was apparent that the sensitivity analysis aspect of the work was a critical 
consideration for the PA process. The role of sensitivity analysis in identifying future work 
that has the best potential to benefit the PA and also to guide reviewers to key aspects of the 
analysis was consistently highlighted. The need for the sensitivity analysis (and the PA in 
general) to be focused on the decision to be made was highlighted numerous times as well. 
These considerations have resulted in the term “importance analysis” being used to 
emphasize that it is not simply global model sensitivity, but identifying sensitive parameters 
specific to the decision to be made. Approaches for implementation of the sensitivity analysis 
part of the PA were clearly an area of interest. 
 
A few key technical/policy areas were the subject of much discussion. Concerns about how 
input distributions are being developed were apparent. Several examples were discussed that 
illustrated how problems with the definition of distributions have resulted in strange output 
for the PA models that were resolved through further refinement of the input distributions. 
There was a lot of discussion about how to know when it is necessary to use a probabilistic 
approach. There is some expense and time associated with developing a probabilistic model 
and the inputs needed, so there needs to be a recognized benefit. The general feeling was that 
it is difficult to set specific criteria, a priori. The consensus seemed to be more along the 
lines that it is important to recognize the points where the benefits outweigh the costs. Along 
those lines, it was discussed that there can be many secondary benefits of developing a 
simplified model amenable to a probabilistic approach, beyond simply enabling the 
probabilistic calculations. The need to highlight these benefits was identified. 
 
One of the important challenges in adopting a probabilistic approach is developing the model 
that is amenable to the multiple realizations required for a probabilistic approach. One 
session was devoted to this topic in recognition of the challenges. Significant progress has 
been made in abstracting the details from a three-dimensional model into a more simplified 
representation amenable to multiple realizations needed for a full probabilistic assessment. 
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1.5.2 Recommendations 
The workshop concluded with six key recommendations based on the presentations and 
discussions that took place: 
1. There was a desire for some guidance on how to determine what level of complexity 
is needed and when there is a need to implement a probabilistic approach. It is not 
clear whether an a priori determination for these issues is generally possible. The 
general view was to maintain proper perspective that the PA process is intended to 
inform decisions and deterministic and probabilistic approaches should be used with 
that goal in mind. From this view, decisions regarding when to use deterministic and 
probabilistic approaches will be based on how much information is needed to make 
the decision at hand. It was recommended that part of an activity to develop some 
guidance could involve a review of existing positions regarding the use of 
deterministic and probabilistic methods (e.g., DOE-HS, NRC, EPA, international). A 
critical aspect of any recommendations will be an emphasis on the importance of 
conducting sensitivity or “importance” analyses and their use in the iterative 
assessment approach and the value that can be added by using a “hybrid” approach 
based on a combination of deterministic and probabilistic calculations. 
2. The most significant technical recommendation was a clear need for additional 
guidance on the development of input distributions to be used for performance 
assessments. Experience to date has shown this is one of the most challenging aspects 
of moving to a probabilistic approach. The uniqueness of the problem for PAs entails 
a need to make modifications to traditional approaches. It was strongly recommended 
that a future workshop on this topic would probably be the best single area of focus 
resulting from this workshop. 
3. The group believed it would be very beneficial to create a categorized data repository 
and relevant references from existing PA efforts that could serve as a resource for 
practitioners across the complex. Having this centralized resource would reduce time 
spent searching for data, reduce duplication of effort and also should help promote 
more consistency in approaches. The task should also be linked with similar activities 
for other organizations (e.g., ISCORS). A retrospective look at data and references 
used in existing PAs would be a first step towards building this resource. 
4. Model abstraction was another technical issue that poses several challenges. As a first 
step, the group believed that it would be useful to summarize some of the benefits of 
having a simplified model available (e.g., ease of conducting special analyses, ease of 
explanation to stakeholders, QA of detailed model, composite analysis). This 
discussion could be included with a summary of some fundamental criteria to be 
considered when trying to develop a simplified representation of a more complex 
model. 
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5. There is a need for some specific guidance on addressing uncertainties beyond 
variability (conceptual models, alternative exposure scenarios, multiple failure 
scenarios, etc.). There is a need for the ability to consider probabilities for some of 
these situations, especially in cases of highly unlikely what-if scenarios.  
6. Two general topics were highlighted that need to be considered for all activities: 
benefits of involvement of reviewers early and often in the PA process and the need 
to maintain sufficient QA and documentation for the process, especially in the context 
of being able to transfer the work to others, if needed. 
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2.0 OPENING REMARKS 
 
Prior to the technical sessions, introductory remarks were provided from each of the sponsors 
of the workshop: DOE-HQ, DOE-SR, and the Savannah River National Laboratory. These 
introductory remarks were followed by an overview presentation introducing some key 
policy and technical considerations and summarizing the program for the workshop. This 
section includes a summary of the introductory remarks followed by a summary of key topics 
identified during the presentations and discussions. Table 1 includes a summary of the 
Rapporteurs and speakers for the workshop with titles for the presentations. 
 
2.1 INTRODUCTORY PRESENTATIONS 
 
Marty Letourneau, DOE HQ EM-11 sponsor for the workshop, provided introductory 
remarks (Figure 2). His remarks emphasized the importance of bringing the PA community 
together to share experiences as a means of fostering improved consistency. He noted that it 
had been a number of years since the PA community had been brought together like this. 
Bringing people together is especially important when the Complex is aggressively moving 
towards state-of-the-art approaches for conducting assessments. Along these lines, Marty 
also highlighted benefits of a “hybrid” assessment approach using both deterministic and 
probabilistic approaches for sensitivity and uncertainty analyses.  
 
Howard Pope welcomed everyone on behalf of DOE Savannah River Operations Office and 
emphasized the timeliness of the workshop in the context of numerous PA and composite 
analysis efforts underway at Savannah River. He pointed out that a PA revision had just been 
approved for the E-Area disposal facility and that a composite analysis and three 
performance assessments are currently underway at the Savannah River Site (F Tank Farm, 
H Tank Farm, and Saltstone). These assessments are all expected to involve some 
probabilistic sensitivity and uncertainty analyses.  
 
 
Figure 2.   Martin Letourneau, EM-11 - Opening Remarks 
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John Marra, Associate Laboratory Director for Environmental and Chemical Processing 
Technology at the Savannah River National Laboratory, welcomed everyone on behalf of 
SRNL and discussed how this activity is part of the variety of support being provided to DOE 
HQ as part of SRNL’s role as the EM Corporate Laboratory. He emphasized the role of the 
National Laboratories supporting advances in assessment methods as well as the overall 
support for waste determinations and waste management for the DOE Complex as a whole.  
 
Roger Seitz, Savannah River National Laboratory, provided an introductory presentation 
including some historical perspective on the evolution of the performance assessment process 
with an emphasis on the role of probabilistic approaches in the United States and 
Internationally. He discussed the concept of a hybrid approach that takes advantage of the 
strengths of deterministic and probabilistic calculations to improve the defensibility of an 
assessment and the concept of “importance analysis”, a risk-informed sensitivity analysis 
focused on identification of parameters that have the most influence on the conclusion of the 
assessment (regulatory decision). The importance of keeping the performance assessment 
process focused on the decision to be made was emphasized.  
 
2.2 KEY POINTS  
 
Some of the key points made in the Opening Remarks include: 
• Importance of bringing PA community together on a regular basis to share 
experiences and encourage communication as a means of fostering consistency, 
• NRC supports increased use of probabilistic approaches for Tank Closure PAs and 
DOE sites are starting to use probabilistic approaches for LLW disposal facility Pas, 
• Multiple performance assessments are underway and there is potential for 
inconsistent implementation of probabilistic approaches, 
• Importance of maintaining perspective regarding the magnitude of performance 
measures relative to background and other radiation exposure limits, 
• Use of assessment approaches that are focused on informing the decisions regarding 
compliance to avoid perception of PA as a modeling exercise, 
• Recent experience demonstrating the utility of a “hybrid” approach for PAs taking 
advantage of benefits of deterministic and probabilistic methods, and 
• Critical role of sensitivity analysis in the iterative approach to PAs and to focus 
reviewers’ attention on key parameters and identify and justify key areas for future 
work and the use of the term “importance analysis” to highlight this decision-focused 
variation of sensitivity analysis used for PAs.  
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3.0 SESSION 1: INPUT DATA AND DISTRIBUTIONS 
 
3.1 INTRODUCTION AND BACKGROUND 
 
The opening session of the workshop focused on data development and translations to 
parameter input distributions used in probabilistic models. The last two decades has seen 
substantial progress in the development of credible models of flow and transport for a variety 
of hydrogeologic settings. The emphasis of model development continues to be on 
demonstrating credible model predictions which are numerical representations of the 
complex physical and chemical processes associated with the release, transport and exposure 
of radionuclides in the biosphere (process-based deterministic modeling). More recently 
there has been a paradigm shift from an emphasis on process modeling to augmentation of 
model predictions with quantification of the uncertainty of these predictions. The driver for 
augmented uncertainty assessment is for program and regulatory decisions (model-driven 
decision analysis); decision makers require increased information for effective decisions. 
 
Probabilistic modeling where probability is the language of uncertainty is one of the essential 
tools used to quantify uncertainty. Probabilistic modeling includes three components: 
1. Input parameters of the models are defined as probability density functions 
(PDFs; input distributions). 
2. Monte Carlo simulation is used to repeatedly sample the parameter PDFs and 
each realization of random sampled values is propagated through a numerical 
model (process model, simplified process model or model abstraction; see the 
workshop summary for the session on model abstraction). 
3. The model outputs of the multiple simulations are PDFs which provide a 
quantitative representation of the uncertainty of the model response. 
 
Probabilistic modeling for performance assessments generally includes development of 
numerical simulation models of release, transport and exposure/dose conversions where input 
parameters are represented as PDFs. These modeling components are evaluated with 
sensitivity and uncertainty analysis using global probabilistic model outputs to identify key 
parameters affecting model uncertainty (importance analysis). The modeling and sensitivity 
analysis are linked with iterative cycles of data gathering, uncertainty reduction and 
measurement of the value of uncertainty reduction. Note that as modeling is more refined and 
details are added, uncertainty can increase in some cases. This suite of modeling approaches 
and methodologies can be described by different names including probabilistic risk 
assessment, quantitative risk assessment, uncertainty analysis, risk modeling and/or more 
simply, probabilistic modeling.  
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The continuing growth of computer processing capability since the 1980s aided by the recent 
use of multi-processor computer clusters with distributed processing now allows routine 
completion of complex numerical simulations for probabilistic modeling that would have 
been prohibitively time intensive a few years ago.  However probabilistic modeling problems 
must still be carefully constructed to adequately address multi-components of uncertainty 
including variability, knowledge uncertainty, model uncertainty, conceptual or framework 
uncertainty and regulatory uncertainty (see Morgan and Henrion, 1990; Kammen and 
Hassenzahl, 1999; Cullen and Frey, 1999; Vose, 2000, Krupnic et al 2006, for background 
discussions of development of input distributions, definitions of uncertainty components and 
guidance on probabilistic modeling).  
 
The state of the art of probabilistic modeling is evolving rapidly and the application of these 
modeling approaches to performance assessments for complex hydrogeological settings with 
spatially varying properties and multiple decision and regulatory end points is clearly still in 
development. Workshops like our Augusta meeting which bring together people with 
expertise in the wide ranging technical and policy disciplines required to develop competent 
performance assessments are clearly beneficial to the continuing development of 
performance assessments and the use of probabilistic modeling.    
 
3.2 PRESENTATIONS 
 
Bruce Crowe - NTS served as the Rapporteur for Session 1.  Dr. Crowe has had a lead role in 
the implementation of probabilistic PAs for LLW in the DOE Complex.  Session 1 included 
presentations by three speakers that bring unique perspectives and experience in the 
development and application of probabilistic models. Charley Yu, of Argonne National 
Laboratory is the program manager for the RESRAD computer code and has considerable 
experience with the exposure/health physics disciplines of probabilistic modeling. David Esh 
is a senior systems performance analyst with the U. S. Nuclear Regulatory Commission with 
experience in regulatory evaluations of performance assessments and the use of the GoldSim 
simulation software. Paul Black is a president and co-founder of Neptune and Company with 
a background in Bayesian statistics and decision analysis and experience in developing, 
interpreting and applying the results of probabilistic modeling approaches to a variety of 
environmental problems.  
3.2.1 Yu Presentation 
Charley Yu, during the first presentation on input distributions, provided background on 
probabilistic analysis implemented in the RESRAD code and contrasted differences between 
deterministic and probabilistic analysis. He summarized the continuous and discrete 
distributional forms available in RESRAD, described the distribution sampling methods 
implemented in the code, and provided cautions on using the built-in default distributions 
(preference for site-specific data). Charley provided examples and illustrated a critical data 
concept that must be considered in sampling probability distributions: correlation between 
input parameters. He concluded his presentation with an overview discussion of key issues 
identified through experience using the RESRAD code and developing and using probability 
distributions and interpreting the resulting model responses. 
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3.2.2 Esh Presentation 
David Esh emphasized the importance of properly utilizing data sources for constructing site-
specific input parameter distributions. He noted that sufficiency of data sources for input 
parameters is both difficult to obtain and expensive and he identified general sources of 
parameter data available through publications including performance assessments completed 
for DOE-regulated waste disposal sites. David supported the position of Charley Yu, that the 
preferred data sources are local (site-specific) but noted that comparisons of site-specific 
input distributions with generic data can be useful. He emphasized the importance of 
establishing the representativeness of data and provided examples of required spatial and 
temporal averaging needed to properly interpret data for translation into input distributions. 
Challenges associated with correlation were also identified and discussed. 
 
David described the importance of a risk-informed perspective including iterative cycles of 
data selection and implementation and examination of model response. He concluded by 
urging the performance assessment community to consider the advantages of establishing 
databases of technical information as a resource for probabilistic modeling (for example, a 
Wikipedia performance assessment site). 
3.2.3 Black Presentation 
Paul Black presented decision contexts for probabilistic modeling and the development 
stages needed in model preparation, model structure and model specification to produce 
adequate model response, where adequate reflects physically plausible models with proper 
representation of uncertainty. He noted the importance of averaging parameter inputs over 
the space and time scales of the modeling problem so that model response represents system 
uncertainty and not variability (i.e. the model output is the distribution of an average). Paul 
summarized the information sources used for developing input distributions including site 
data, metadata, model abstraction and elicitation. He provided examples from performance 
assessments representing alterative sources of data. He also described examples where 
distribution forms for input data do not provide expected model responses, underscoring the 
need to always examine model results for appropriateness.  
 
Paul described examples of distribution forms (uniform, triangular) that may not provide 
physically realistic sampled data distributions. He noted, consistent with the previous two 
speakers, the issues of data correlation particularly for multivariate parameter data. He urged 
performance assessors to work with statisticians who are unafraid of messy environmental 
data sets and to always ensure input distributions can withstand statistical rigor, are 
adequately documented and have been peer reviewed. Not following these common sense 
constraints can compromise model response and sensitivity and uncertainty analyses of 
model output. Paul argued that probabilistic-based modeling can be used as a decision tool 
for multiple components of performance assessment including compliance, future disposal 
decisions, maintenance and operations, and closure and monitoring. 
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3.3 DISCUSSION  
 
The wrap-up discussions for the input distributions session of the workshop produced lively 
and thought-provoking comments from the audience. A number of comments emphasized the 
importance of retrospective reviews of existing waste management performance assessments 
to benefit from the experiences gained from completing and obtaining review evaluations of 
the work. Post-audit reviews of model outputs from probabilistic models were noted as 
important for ensuring credibility of model results – propagation of conservatism in 
probabilistic modeling can lead to physically unrealistic model outputs.  
 
A range of opinions were expressed on the need for and requirements for development of 
probabilistic input distributions for dose conversion factors, scenario parameters and human 
habit components of performance assessments; there was not agreement that all of these 
model components required probabilistic parameter inputs. This was discussed further in the 
policy session. Multiple questioners were interested in documentation of clear examples and 
demonstrated advantages of the application of probabilistic modeling. The discussion 
highlighted a range of opinions on PA modeling and the perspective that many people 
maintain preferences for fully deterministic or fully probabilistic approaches.   
 
Comments were expressed about the existence of guidance for developing probability density 
functions for model development (see cited references and software manuals developed for 
probabilistic modeling platforms, for example, GoldSim, Analytica, @Risk and RESRAD 
where the manuals can be downloaded from web sites). There was a consensus that 
development of defensible (transparent) distributions is one of the most significant 
challenges in moving to a probabilistic approach. Another policy issue that was passed 
forward was the need for criteria on which to judge compliance for probabilistic assessments 
in the face of a deterministic standard. This is also discussed in the policy session (Section 6). 
 
A variety of comments expressed healthy skepticism over the value of probabilistic modeling 
particularly where the models are based on simplified model abstractions and, likewise, 
healthy skepticism about the value of deterministic calculations that do not adequately 
represent uncertainty. The use of simplified model abstractions is discussed in detail in 
Section 4. 
 
Several people mentioned the potential benefits of a task to assemble lessons learned from 
disposal sites that have completed and/or are continuing development of probabilistic 
performance assessments models (Nevada Site Office for the Area 3 and 5 disposal facilities; 
Idaho Site Radioactive Waste Management Complex; Los National Laboratory for the MDA 
G site, and the Savannah River Site for the E-Area disposal facility and the F-Tank Farm as 
well as new assessments for H Tank Farm, Saltstone and the composite analysis update). 
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3.4 RECOMMENDATIONS 
 
Several common themes were apparent through the presentations and discussions. The 
difficulties and importance associated with establishing and clearly justifying input 
distributions from limited characterization data was clear to all participants. There was ample 
discussion regarding the benefits, difficulties and costs associated with implementing a 
probabilistic approach and the need to weigh the difficulties against the benefits. It was clear 
that healthy skepticism needs to be maintained regarding all modeling approaches.  
 
One recommendation that received support was to take a retrospective look at existing PAs 
both as a source of data and associated parameter distributions as well as references for 
additional information that may be useful for other PAs. There was strong support for 
development of a common data resource that would serve as a repository for data that have 
been used in PAs. A Wikipedia type approach was suggested as an example for building PA 
resources. 
 
There was a consensus that there is an immediate need for guidance on the development of 
parameter distributions, including when to pursue elicitation and also with respect to the 
choice of distribution forms, methods used for spatial and temporal averaging and 
approaches used to assess parameter correlations. It was recommended that the next PA 
modeling workshop should emphasize this topic. 
 
The importance of having site-specific data was strongly emphasized, but value was 
recognized in evaluating parameter distribution data from existing PAs as a starting point. 
There is a tendency to start simple with more general distributions (uniform, triangular), but 
several people highlighted the importance of recognizing the impact this can have on both the 
skewness of the output distribution and representation of the tails of the distributions. It was 
recommended to emphasize the importance of trying to develop parameter distributions that 
represent average parameter values appropriate to the temporal and spatial scales of site-
specific performance assessment. This reflects the ability to move more towards realistic bias 
rather than conservative bias through the use of probabilistic approaches.  
 
The group was essentially unanimous in recommending the use of a risk informed approach 
in an iterative manner to refine key assumptions and parameter distributions based on the 
results of sensitivity and uncertainty analyses. This philosophy applies for both deterministic 
and probabilistic approaches. 
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4.0 SESSION 2 MODEL ABSTRACTION 
 
4.1 INTRODUCTION 
 
Estimating dose from the groundwater pathway for an LLW performance assessment often 
requires modeling flow and transport in a complex hydrogeologic setting.  For many sites the 
complexity of the groundwater model developed to represent site behavior can conflict with 
the need for a model sufficiently simple to allow simulations required to quantify model 
uncertainty.  Beginning the model development process with fully 3-dimensional (3-D) 
transient conceptual-mathematical models of the hydrogeologic system is recommended by 
Neuman and Wierenga (2003).  If model simplification can be justified, these authors suggest 
approaches including:  
• reduced dimensionality (spatial and/or temporal) 
• reduced model size  
• reduced details of various features, events, and processes  
• reduced detail in representing internal heterogeneity 
• single continuum rather than dual continuum or discrete fracture representation 
• simplified surface boundary conditions  
• reduced detail in representing contaminant sources 
• constant rather than scale-dependent dispersion 
• equilibrium rather than kinetic sorption 
 
Neuman and Wierenga (2003) argue that the model simplification process must be systematic 
and objective, providing a formal demonstration that the simplified model has the detail and 
capabilities to represent the site’s essential features and factors as well as a more complex  
3-D transient model. This is an advantage of the “hybrid” approach that blends the use of 
detailed deterministic models with more simplified representations that are more amenable to 
fully probabilistic calculations. 
 
4.2 PRESENTATIONS 
 
Mike Sully – Neptune and Company served as the Rapporteur for Session 2. Dr. Sully offers 
a broad range of experience and perspective spanning academic, research and applied work 
on hydrogeology, including involvement in the development and reviews of DOE Complex 
LLW performance assessments. The first presentation was provided by Greg Flach and 
Glenn Taylor of Savannah River National Laboratory. Dr. Flach and Mr. Taylor were the key 
contributors to the development of the links between the 3-D PORFLOWTM and simplified 
GoldSim representations used in the modeling for the F Tank Farm performance assessment 
at Savannah River.  
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The second speaker was Phil Stauffer of Los Alamos National Laboratory. Dr. Stauffer was 
the lead for developing the abstraction approach used to link the 3-D FEHM and GoldSim 
representations for the Area G performance assessment at Los Alamos. The third speaker was 
Matt Kozak of Monitor Scientific. Dr. Kozak was one of the key players in the development 
of the original NRC work related to application of probabilistic approaches for LLW disposal 
PAs and also offers many years of international experience in the field. 
4.2.1 Flach and Taylor Presentation 
Greg Flach and Glenn Taylor described their model abstraction approach for the F-Tank 
Farm Performance Assessment at the Savannah River Site.  The need for a simplified model 
was motivated by the need to address the significant uncertainty in failure scenarios and input 
data.  A detailed model for the tanks consisting of three parts: closure cap infiltration, vadose 
zone flow and transport, and aquifer flow and transport was developed.  The approach to 
simplification followed from recognizing that some complexities of the system may not be 
relevant for all scenarios (Pachepsky et al. 2006).  Two primary performance analysis 
scenarios were selected for modeling.  In the first, the system behaves as intended 
characterized by slow, gradual material degradation.  In the second, the steel liner fails early 
and infiltration is focused on the source zone.  Detailed simulations were conducted with a  
2-dimensional (2-D) PORFLOWTM (ACRI 2004) vadose zone model demonstrating that 
prior to liner failure while the flow field was multi-dimensional, there is no impact from 
reducing the dimensionality of the flow field because there is no contaminant release.  
Following liner failure the simulations demonstrated that the flow field was approximately  
1-dimensional (1-D) allowing a simplified model of reduced dimensionality to be developed.   
 
For the saturated zone the flow field was represented as a collection of 1-D streamtubes 
calculated using a saturated zone PORFLOWTMmodel.  These 1-D representations of the 
flow fields provided water fluxes to a simplified 1-D GoldSim (GoldSim 2007a, 2007b) 
radionuclide transport model.  Radionuclide breakthrough curves estimated using the 
GoldSim model were compared with breakthrough curves estimated with the PORFLOWTM 
models to identify differences between the models.  Discretization of the GoldSim model was 
increased to minimize differences between the breakthrough curves and model comparisons. 
As these refinements were added to the GoldSim model, it led to insight into processes in the 
PORFLOWTM code not previously considered, which is an advantage of looking at the 
problem two different ways.     
4.2.2 Stauffer Presentation 
Phil Stauffer described the simplification of a groundwater flow and transport model for the 
MDA G Performance Assessment at the Los Alamos National Laboratory.  This model 
simplification was motivated by the need to link a flow and transport model in a complex 
hydrogeologic setting with a probabilistic performance assessment model.  A detailed 3-D 
flow and transport model incorporating previous modeling and available data was developed 
using FEHM (Zyvoloski et al. 1997a, 1997b; Dash et al. 1997).  Simulations were conducted 
to examine system behavior with the 3-D model to identify less important features and 
factors.  A systematic abstraction process was followed to represent 3-D pathways with 1-D 
pathways.  With this process, dimensionality of the model was reduced while still capturing 
essential features of the complex system.   
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Micromixing theory was used to include decay, ingrowth, and sorption along the pathway 
and a water well abstraction was developed to quantify the capture efficiency of the water 
well. Radionuclide breakthrough curves calculated with the simplified model were compared 
with curves calculated with the detailed 3-D model to verify that the simplified model 
provided an adequate representation of the system.  This simplified model was linked to the 
GoldSim performance assessment model to provide calculations of the mass flux of 
radionuclides from the groundwater pathway.  In this model GoldSim samples distributions 
of the sorption coefficient, the infiltration rate, and the inventory and passes the information 
to the simplified FEHM model.  The FEHM model calculates the mass flux of radionuclides 
at the receptor location and returns the information to GoldSim.  This simplification of the 
groundwater pathway model allowed for Monte Carlo simulations to be conducted that were 
adequate to support uncertainty and sensitivity analyses. 
4.2.3 Kozak Presentation 
Matt Kozak addressed model abstraction and the treatment of model uncertainty.  The overall 
structure of uncertainty or importance analysis was introduced highlighting the differences 
between deterministic and Monte Carlo analyses.  It was emphasized that full treatment of 
uncertainty, however, requires more than a Monte Carlo analysis of uncertain parameters.  
The use of alternative conceptual models developed using a broad base of expertise allows 
for the consideration of broader uncertainties.  Alternative conceptual models arise from 
differing assessment contexts, differing scenario definitions, and evaluations using 
exploratory conceptual models.  Kozak defines the concept of performance margin analysis 
as the use of probabilistic modeling to evaluate model assumptions or conceptualizations that 
are plausible, but not the most likely.  These analyses can provide some quantitative estimate 
of the conservatism of other models.   
 
A case study involving volcanism at Yucca Mountain was presented as an example of 
performance margin analysis.  A second case study for a site at Vaalputs, South Africa 
demonstrated the benefits of considering alternative conceptual models.   Addressing model 
abstraction through model intercomparison was proposed as a primary tool for producing 
credibility.   
 
4.3 DISCUSSION 
 
The discussions raised the issue of how to determine when a system can be simplified.  
Modelers observed that technical challenges to model abstraction included multi-dimensional 
phenomena, the influence of sub-site scale features and larger scale features on site-scale 
flow and transport phenomena, non-linear or chaotic behavior, and competing effects and 
mechanisms.  Thus, a system characterized by approximately 1-D phenomena, insensitivity 
to sub-site scale features, linear behavior, and clearly defined and easily simplified driving 
mechanisms may be appropriate for simplification.  Since the model objectives can influence 
both the need for and the approach to simplification, the objectives of the modeling must be 
clearly identified.   
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It was recognized that simplification of models has some risk in the context of defensibility. 
A number of people mentioned that having two separate representations of a problem offered 
benefits for both the detailed and the simplified model. This utility was demonstrated for the 
F Tank Farm PA, where both the detailed model and the simplified model were improved as 
a result of the abstraction effort.  There was support for the idea that, in order to justify the 
potential compromises that are often necessary to abstract a simplified representation, it is 
important to identify the benefits of having a simplified representation, for example:  
 
• Computational efficiency, which facilitates the ability to make multiple runs,  
• Accessibility and relative ease of explanation to stakeholders 
• Benefits of complementary models to build confidence 
• Quality Assurance checks of the detailed model  
• Ability to obtain relatively quick responses for Special Analyses needed to justify 
disposal of unusual waste streams 
 
The question of identifying when a deterministic model was adequate was discussed at length 
with a range of differing opinions expressed. There was a view that informed use of 
deterministic models and limited uncertainty analyses may actually be as good or better than 
trying to develop a simplified model and then develop input distributions, etc. In this case, 
the emphasis is on the skill of the analyst rather than using probabilistic analyses as a means 
to gain that knowledge. This was a controversial topic. In addressing the question of what 
degree of model refinement is adequate for a give regulatory purpose, Neuman and Wierenga 
(2003) maintain that decisions such as this are in the domain of economic and policy 
concerns and are ultimately the responsibility of managers and decision-makers to resolve. 
Once again, this highlights the importance of recognizing the role of PA as a decision making 
tool, not a decision-maker. Similarly, there was debate as to how to weight alternative 
models or scenarios in the context of a regulatory decision. There was also general agreement 
that some comparison of the model with plumes of existing contamination at a site is 
desirable as a confidence building tool.  
 
Workshop discussions identified three choices for modeling approaches to quantify 
uncertainty.  
 
The first approach was that described in both case studies presented.  Multiple iterations of 
deterministic process models are run to define permissive ranges of system output for 
abstraction into simplified models. This approach is heavily dependent on the quality and 
quantity of deterministic model runs to adequately characterize system response. The 
abstracted model can then be run via Monte Carlo simulations to produce probabilistic model 
outputs. The abstraction converts process response into uncertainty response and the Monte 
Carlo simulations must be carefully constructed to ensure that the sampled parameter ranges 
remain within the physically plausible range of the process domain. While this approach is 
less computationally demanding it requires significant process justification from the 
deterministic modeling effort. 
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A second approach uses high-performance computing to provide a sufficient number of 
simulations of a complex model within a practical schedule.  Distributed computing using 
large multi-processor clusters is used to provide  sufficient processing power to run 
deterministic flow and transport codes in multiple simulation cycles with parameter lookup 
tables that allow for stochastic sampling with a sufficient number of iterations to provide 
realistic probabilistic model output. This is the most appealing approach from a process 
perspective but it comes at a very high computation price.  
 
The third approach, developed by Los Alamos National Laboratory, is being used to simulate 
the concentration of plumes originating from the locations of underground nuclear tests at the 
Nevada Test Site.  This is a reduced dimensionality approach in which multiple alternative 
flow models are developed for calibration of the flow field.  These models provide boundary 
conditions and fluxes for multiple iterations of transport codes. The 3-D transport simulations 
using FEHM produce time histories of spatial locations and residence time distributions of 
particles introduced at source locations.  A convolution based particle tracking (CBPT) 
method is used for efficient Monte Carlo simulations with an arbitrary number of time 
dependent functions describing release from the sources and stochastic sampling of transport 
parameters. This approach requires development of multiple conceptual models of the flow 
field to define a suite of permissible flux and boundary conditions for the 3-D transport 
simulations and repeated cycles of Monte Carlo simulations by radionuclide for developing 
model outputs that are converted to CDFs of groundwater concentration. The CBPT method 
is valid for steady state flow fields and linear transport processes.  This approach is also 
computationally demanding but less so than the previous option, though likely to require 
distributed processing capability.     
 
4.4 RECOMMENDATIONS 
 
Retrospective reviews of existing PAs were proposed as a means to collect information on 
the development of alternative conceptual models and approaches to model simplification at 
other sites.  The reviews would determine if simplifications were made, how these 
simplifications were implemented, and what criteria were used to evaluate the validity of the 
simplified models.   
 
There was also a recommendation for the preparation of a brief summary of some of the 
benefits of developing simplified models. This is linked back to the issue that simplification 
will involve additional effort and some compromises, so there needs to be a good reason for 
abstraction. Some examples of the potential benefits were identified in Section 5.3. 
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Approaches to model simplification for the PAs discussed in the Workshop were developed 
using the best judgment of the modelers, however, discussion drew attention to the fact that 
the group was not aware of an accepted structured, systematic approach to model 
simplification/abstraction.  A formalized process for model abstraction was proposed by 
Pachepsky et al. (2006).  His recommended steps are: 
1. Justify the need for the model abstraction, 
2. Define  the context of the modeling problem, 
3. Select applicable model abstraction techniques,  
4. Choose which techniques will result in the greatest benefits, and 
5. Simplify the model by applying those techniques. 
 
While these steps describe a simplification procedure, they do not address the question of 
how to demonstrate that the simplified model adequately captures the essential features of the 
hydrogeology and flow and transport dynamics of the more complex model. Emphasis was 
placed on the need for this to remain a somewhat subjective process that will need to be a 
focus of reviewers rather than subject to some specific numerical or statistical criteria. Some 
fundamental guidelines for evaluating the adequacy of the abstraction are nevertheless 
needed. 
 
Model intercomparison of simplified and complex models and alternative conceptual models 
was recommended to enable a better understanding of the system and to provide a quality 
assurance check for all models.  The complex and simplified models can be complementary, 
together offering a more complete view of the flow and transport dynamics. 
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5.0 SESSION 3:  IMPLEMENTATION OF SENSITIVITY AND 
UNCERTAINTY ANALYSES 
 
5.1 INTRODUCTION 
 
Two key pieces of a probabilistic sensitivity and uncertainty analysis were considered in 
Sessions 1 and 2.  In the third session construction of a complete analysis was explored 
which is not necessarily completely probabilistic.  Topics from the first two sessions 
continued to be discussed but in the context of the analytical approach, analysis goals and 
applications.  Other topics discussed included:  
• general concepts for constructing and completing sensitivity and uncertainty analyses 
with some examples provided, and applications of analytical results to decision making,   
• techniques for manipulating model input data to generate uncertainty estimates for the 
model outcome and estimate the sensitivity of the model outcome to various parameters, 
• the relative merits of deterministic versus probabilistic approaches for estimating 
outcome uncertainty and system sensitivities,  
• interpretation of probabilistic results relative to an understanding of system dynamics 
(e.g., cause and effect relationships), and 
• ease of communicating the results and implications for decision making to the regulator. 
 
5.2 PRESENTATIONS 
 
Marc Wood – Fluor Hanford served as the Rapporteur for Session 3. Dr. Wood has been 
involved in performance assessments for more than 25 years and offers broad perspective 
from experience on assessments for Basalt Waste Isolation Project HLW repository, LLW 
disposal facilities and Tank Closure assessments. The first presentation was provided by Art 
Rood of the Idaho National Laboratory. Mr. Rood was a key contributor to one of the first 
assessments in DOE to successfully use a combination of deterministic and probabilistic 
calculations to build a PA for the Radioactive Waste Management Complex at the INL Site. 
The second presentation was given by Paul Black of Neptune and Company to provide 
fundamental statistical background regarding sensitivity and uncertainty analysis. The third 
presentation was provided by John Tauxe of Neptune and Company. Dr. Tauxe has been 
involved in model development and application for the implementation of probabilistic 
approaches for performance assessments at DOE sites.  
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5.2.1 Rood Presentation 
Art Rood described a sensitivity and uncertainty analysis for LLW disposal at the RWMC.  A 
critical first step was to define the assessment question to help focus on the relevant sources 
of uncertainty and to evaluate those system aspects for which the analysis outcome was most 
sensitive.  In this example, uncertainties from natural and engineered barrier conditions 
affecting future contamination were considered whereas exposure scenario factors were not.  
To begin the analysis a base case was completed deterministically to identify dominant 
groundwater contaminating radionuclides.  Then a limited set of one factor at a time (OFAT) 
analyses were completed in which those parameters considered most significant to the 
estimated future groundwater contamination were varied individually with respect to the base 
case analysis.  These analyses provided some comparison with results from subsequent 
probabilistic uncertainty and sensitivity analyses.   
 
The remainder of the analysis consisted of probabilistic analyses aimed at providing two 
products.  The first product was an envelope of outcomes (groundwater contamination levels) 
around the deterministic result that reflected uncertainty in the quantification of significant 
processes and features which translated to uncertainty in the future groundwater 
contamination estimates.  The range of results varied as a function of time because dominant 
parameters with differing probability density functions changed over time.  The second 
product was a set of sensitivity analyses that quantified relative significance of various 
parameters with respect to their influence on future levels of groundwater contamination.  A 
rank correlation technique was used to develop this information.  As expected, the significant 
parameters changed over time because of variable recharge history imposed by engineered 
cap placement and variable radionuclide-specific chemical reactivity.  For both products, a 
larger set of parameters were considered with each parameter being assigned a probability 
density function that was determined from both empirical data and subjective judgment of 
subject matter experts.  The transport model was then run numerous times (250-500 
realizations were considered adequate) in a Monte Carlo simulation in which parameter 
values for multiple parameters were selected randomly. 
 
Rood concluded that the collection of results provided a sense of the precision or range of 
outcomes but did not necessarily define the accuracy of the results (e.g., the central tendency 
result may or may not have been determined).  This occurs because results were dependent 
on the reliability of parameter selection and assigned values (e.g., probability density 
functions).  Consequently, model validation in some other form is desirable.  Despite this 
caveat, the results were still considered useful for comparison with performance objectives 
and determination of adequate facility performance. 
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5.2.2 Black Presentation 
Paul Black focused his discussion on the components of sensitivity and uncertainty analyses 
needed to make decisions that are at least partially dependent on analysis outcomes.  With 
regard to PA models that are used to determine compliance with performance objectives, 
several aspects are important.  First, uncertainty analyses should evaluate environmental 
contamination over time.  Second, sensitivity analyses must focus on realistic conceptual 
models and expected parameter values to avoid meaningless results.  Third, sufficient 
realizations must be done to ensure that minimum uncertainty has been calculated.  Fourth, 
work remains to better clarify the meaning of acceptable levels of uncertainty for decision 
making. 
 
Sensitivity analyses must be constructed for conditions that are multidimensional, often non 
linear and non monotonic.  In such systems, parameter variability effects on the analysis 
outcome (e.g., radionuclide groundwater contamination at a downstream well) can be looked 
at in isolation (one factor at a time analysis or local sensitivity), but must also be looked at in 
the context of other parameters (global sensitivity) to determine the influence of factors 
simultaneously affecting the outcome.  In this way, the most complete understanding of 
primary processes and features affecting the analysis outcome can be determined.  In 
addition, some apportionment among parameter variability effects on outcome variability is 
viewed as desirable to direct future efforts at reducing overall uncertainty and thereby 
improving confidence in the decision.   
 
A central proposition was that the most comprehensive analysis is best done probabilistically.  
However, such an approach is likely to be computationally intensive.  Therefore, other 
desirable features of such an analysis are efficiency, simplicity and the ability to handle non- 
linearity.  Fortunately, advances in hardware and software computational capabilities have 
enabled extensive comparisons of multiple parameter effects and interactions.  In particular, 
data mining and machine learning approaches appear to be among the most flexible and 
capable.  Examples of parameter rankings from the Los Alamos National Laboratory 
(LANL) low level waste burial ground analysis and Nevada Test Site (NTS) were given.  
Significant results from these analyses were a determination of significant parameters and a 
quantitative estimate of their impacts on the variability of analysis outcome (environmental 
contamination).  Also, one application of the probabilistic analysis to focus additional site-
specific data gathering was provided.  A subsequent analysis was then shown to have 
reduced calculated uncertainty because of new data input.  
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5.2.3 Tauxe Presentation 
John Tauxe presented approaches for conducting sensitivity and uncertainty analyses for 
different types of uncertainty related to conceptual models, mathematical models and input 
parameters.  Conceptual model uncertainties arise when attempting to truly represent and 
simplify natural (e.g., hydrogeology) or engineered (e.g., infiltration) features and processes 
for translation into numerical models.  Alternative representations of features or processes 
are a typical way to consider conceptual model uncertainties.   Mathematical model 
uncertainties arise when various mathematical representations of a process can be used and 
the supporting database is unable to indicate the best choice.  An example was given from the 
NTS PA analysis where various air phase tortuosity equations were considered.  The 
uncertainty analysis to evaluate the impact of using different equations to estimate radon flux 
showed that variability of flux estimates were sensitive to the equation selected.  Parameter 
uncertainties result from basic understanding of their effects on the outcome and natural 
variability induced by system heterogeneities.  These uncertainties are expressed through 
selection of distribution functions which take numerous forms (e.g., normal, log normal, 
triangular, uniform) and are selected largely on the basis of available supporting information 
and expert judgment.   
 
Once the pertinent representations of various kinds of uncertainty are made, many 
simulations (or realizations) are performed in which parameter values are randomly selected 
from the probability density function data set, a suite of realizations are developed to 
envelope a range of possible outcomes and predict a central tendency.  Additional examples 
of parameter sensitivity analyses for a generic subsurface flow and transport analysis were 
also provided, illustrating the uses of the data mining and machine learning data 
manipulation techniques also described in the previous paper.  
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5.3 DISCUSSION 
 
Workshop participants generally agreed that a process exists for conducting sensitivity and 
uncertainty analyses.  The process begins with the definition of a problem to be solved.  In 
this workshop the problem was to determine the adequacy of leaving waste in the near 
surface, either as a deliberate disposal action or the end result of a remediation effort.  To 
make this decision, reliable determination of effects due to waste release from a disposal 
facility must be developed.  Implicit in the task is a need to adequately describe the range of 
plausible outcomes that arise from a limited understanding of system behavior and inherent 
process and feature variability.  The second step involves construction of the modeling 
framework and establishment of parameter input data, determination of outcome uncertainty 
and sensitivities of the outcomes to particular site-specific processes.   
 
The importance of using an iterative approach was emphasized, where the sensitivity analysis 
results are used to identify data or distributions that need to be refined and justify work to 
refine those data. The updated data are then used in the next iteration of the analysis. This is 
an essential aspect of a cost-effective approach to PAs. There was also a lot of discussion 
regarding the role of a robust sensitivity analysis as part of a demonstration that the system 
dynamics are relatively well understood. This demonstration of understanding of the system 
behavior is seen as a critical element for building confidence that the uncertainty analysis, 
and the PA in general, are reliable and sufficient for use in decision-making, 
 
There was general agreement that a deterministic base case analysis is required as a first step 
in the process and that the analysis should be sufficiently complex to capture the most 
important system features and processes affecting the outcome (e.g., levels of environmental 
contamination over time versus standards for such contamination).  The next step in the 
process, representation of outcome uncertainty and determination of key parameters and 
relative impacts, is more difficult.  Probabilistic approaches were discussed primarily, but 
deterministic approaches were also considered.  In the case of probabilistic approaches and 
development of probabilistic input distributions, the importance of focusing on average 
behavior was emphasized. The participants generally agreed that probabilistic approaches 
had numerous advantages and had strong support among some regulators, particularly the 
NRC.  For ongoing and future DOE actions involving review by the NRC (e.g., waste 
determinations for tank waste), significant reliance on probabilistic approaches is assumed. 
 
The advantages and disadvantages of both probabilistic and deterministic approaches were 
discussed.  Workshop participants agreed that probabilistic techniques coupled with 
simplified transport models and current computational capability clearly permit more 
efficient data manipulation for evaluating uncertainty and sensitivity effects.  Arguments 
were also made that probabilistic approaches provide a means to move towards more realistic 
representations rather than having to build-in conservative bias as is sometimes the case for 
deterministic approaches. Therefore, far greater sampling of parameter input values is 
available and many more outcome calculations are feasible.   
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At the same time, the probabilistic analysts warned that the enhanced computational capacity 
should be used judiciously and to avoid incorporation of unlikely conditions into the analysis 
structure which would distort uncertainty and sensitivity estimates.  Also, depending on the 
problem being addressed, certain parameters could be excluded from the uncertainty and 
sensitivity evaluations.  For example, there was general agreement not to consider 
uncertainties and sensitivities associated with dose methodology when considering 
translation of environmental contamination levels to human exposure.   
 
Deterministic techniques are less efficient to represent uncertainties and typically, a limited 
set of outcomes can be calculated.  Those comfortable with deterministic analyses proposed 
that some deterministic sensitivity and uncertainty analyses were viable and useful when 
there was a relatively good understanding of parameter effects on the outcome.  Also, 
relating sensitivity and uncertainty results to cause and effect relationships in the analyzed 
system may be more straightforward with the deterministic approach.  The concept was put 
forth that a suite of deterministic analyses, properly constructed, may achieve or partially 
achieve the same goals of a more comprehensive probabilistic analysis.  That is, a range of 
results that bound the expected outcomes could be derived and those parameters strongly 
affecting outcome uncertainty could be determined.  Recognizing that strengths and 
weaknesses exist for both approaches, there was general agreement that use of both 
approaches to complete sensitivity and uncertainty analyses would have value. 
 
For those in the audience inexperienced in the practice of probabilistic analysis, several 
concerns and concepts not well understood were raised, some of which had been expressed in 
previous sessions.  These included the following: 
• completeness and reliability of data from which distribution functions are derived, 
particularly when a rigorous statistical database is rarely available to construct 
probability density functions, 
• validity of simplified models needed to facilitate the generation of many realizations, 
• apparent focus of probabilistic analyses on parameter variability and limited experience 
with treatment of alternate conceptual and mathematical models,  
• difficulty in clearly linking analytical results to significant processes and features driving 
environmental outcome, 
• the distinction between the overall model sensitivity versus importance of various 
parameters to the specific decision to be made and how the analyses are used to make 
this distinction (e.g., separate sensitivity analyses for different peaks in the results), 
• influence of variability in the types of assumed probability distributions for a given 
parameter with respect to estimated outcome uncertainty, and 
• potential difficulty in clearly explaining the meaning and application of probabilistic 
results to a decision maker unfamiliar with these analytical approaches. 
 
WSRC-STI-2008-00333, REVISION 0 
 - 31 - 
 
Finally, some commonality in results appears to exist among the disposal conditions 
evaluated.  First, uncertainty estimates and dominant parameters tend to change as a function 
of time in groundwater pathway analyses.  Two aspects of the disposal condition likely 
contribute to this observation, one being a variable recharge rate history induced by 
infiltration cap placement, and the other being variable chemical reactivity among 
radionuclides with subsurface soils.  Therefore it is important to carry analyses over a long 
period of time.  Second, in the cases presented, a small number of parameters (and therefore 
a small number of features and processes represented by those parameters) appear to 
contribute most to uncertainty and sensitivity results at any given time.  These results support 
general intuition about which features and processes should be controlling waste migration 
(e.g., recharge history, geohydrology, sorption). 
 
5.4 RECOMMENDATIONS 
 
Among those attending the workshop, a large range of expertise and experience with 
conducting probabilistic sensitivity and uncertainty analyses was present.  If probabilistic 
analyses are going to become widespread in the DOE system, some additional education for 
the current non practitioners is warranted.  More detailed workshops on particular aspects of 
the probabilistic analysis would help the education process (e.g., future seminars on the 
construction of probability density functions for specific waste disposal or remediation 
conditions).  A continuing dialogue is suggested relating to the suitability of probabilistic 
versus deterministic approaches for the type of problem being considered.  For example, if 
compliant disposal with performance requirements is easily demonstrated because of system 
conditions, how important is quantification of uncertainty with probabilistic analyses?  Also, 
continued development of criteria that help judge the reliability of sensitivity and uncertainty 
analyses, regardless of approach taken, is beneficial. 
 
Experience with probabilistic assessments results in several recommendations that are key to 
conducting a successful analysis:   
• Assessment needs to be focused on a clear question to be answered (avoid tendency to 
become a modeling exercise rather than a problem solver), 
• Role of a robust sensitivity analysis as part of a demonstration that the system dynamics 
are relatively well understood, thereby increasing confidence that the uncertainty 
analysis, and the PA in general, are reliable and sufficient for use in decision-making, 
• Focus on average behavior.  Inclusion of unlikely behavior (largely a qualitative 
judgment) in a probabilistic analysis distorts the calculated outcomes and compromises 
the applicability of the results for decisions making (compliance, closure actions, etc.), 
• Document the basis for probability density functions extensively.  Concurrence with 
these selections is critical to a believable analysis, and  
• Conduct sensitivity analyses at different times to evaluate how the relative importance of 
input parameters can change depending on the time of the analysis (i.e., multiple peaks 
typically occur in PA results and the different peaks will often depend on different 
inputs). 
 
WSRC-STI-2008-00333, REVISION 0 
 - 32 - 
 
Several specific recommendations for future work were identified over the course of the 
discussions: 
 
• Need for guidance on fundamental questions (e.g., when deterministic analyses are 
enough to demonstrate compliance and how many cases need to be considered, need 
for probabilistic screening, how to present low probability scenarios, potential to use 
probabilistic approach as confidence building tool rather than for demonstration of 
compliance), 
• Need for guidance on conduct of sensitivity analyses for non-linear systems when 
basic rank correlation approaches may not be sufficient, and 
• How to know when an abstracted model is sufficient for sensitivity analysis (is the 
simplified model sufficient to identify the key parameters controlling behavior?). 
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6.0 SESSION 4:  POLICY IMPLICATIONS 
 
6.1 INTRODUCTION 
 
The policy session included two informal presentations that largely reflected on discussions 
in the previous sessions in the context of DOE policies and initiatives. The intent of the 
session was to provide some reality check to identify practical limitations that may exist at a 
policy level. Two informal presentations were provided that gave perspective from the LFRG 
and also from the health and safety side of DOE-HQ. 
 
6.2 PRESENTATIONS 
 
Roger Seitz - SRNL served as Rapporteur for Session 4 on Policy Implications, which was an 
informal discussion of policy issues.  Roger has more than 20 years of experience on PAs at 
multiple DOE sites and around the world.  The first presentation was from Howard Pope, the 
DOE-SR representative on the LFRG. Howard highlighted a few of the issues that the LFRG 
is wrestling with related to moving towards probabilistic approaches. The issues that have 
been a concern with the LFRG were generally consistent with many of the questions and 
discussions that had taken place in the earlier sessions, for example: 
 
• identification of point of compliance and representation in a probabilistic assessment,  
• use of peak of means, mean of peaks, median, etc. as the compliance determination 
with a deterministic standard, 
• how to consider probabilistic results other than the central tendency in a compliance 
determination (e.g., 95th percentile),  
• how to address low probability scenarios, and 
• how to address results that may exceed the standard after the time of compliance. 
 
The second presentation was provided by Andy Wallo, DOE-HQ HS-20. Andy began with 
some links to the application of probabilistic risk assessment (PRA) in the safety analysis 
world and Defense Nuclear Facilities Safety Board (DNFSB) positions. DOE-HS is 
preparing a position paper on the appropriate use of PRA in safety analysis. Andy believed 
that for safety analysis and performance assessment, probabilistic assessment needs to be 
seen as a tool to help support decision-making rather than a required process. The need for 
conservative deterministic calculations is still recognized in the safety analysis community.  
 
Andy discussed the activity to incorporate probabilistic methods in RESRAD and how HS 
(formerly EH) have been developing the capability to conduct probabilistic calculations for a 
number of years. Andy discussed concerns regarding knowing when deterministic 
approaches are enough and how to address probabilistic results in the context of deterministic 
standards. Andy concluded by re-emphasizing the importance of recognizing the purpose of a 
deterministic and/or a probabilistic assessment is to help make sound decisions and the type 
of approach used should be selected in the context of helping to make a sound decision. 
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6.3 DISCUSSION 
 
There was lively discussion with a variety of different opinions regarding the policy issues, 
which are linked to many of the issues discussed previously. The topic of interpretation of 
probabilistic results in the context of deterministic standards generated a lot of discussion 
with opinions varying from the idea that well thought out deterministic approaches are 
sufficient all the way to a need to establish limits on the tails of distributions like the 95th 
percentile in addition to the central tendency when using probabilistic approaches. The topic 
of how to handle cases where the 25 mrem/yr standard is exceeded at times beyond the time 
of compliance was also discussed. The general feeling was those cases should be dealt with 
in the context of a decision making framework on a case-by-case basis (i.e., an exceedence 
beyond the time of compliance does not trigger a non-compliance). 
 
The discussion also included a number of opinions regarding how to handle low probability 
what-if cases in a probabilistic framework. Traditionally, one of the benefits of a 
probabilistic approach is the ability to assign a probability to such cases and either screen 
them from consideration for very low probabilities or implicitly include the probability in the 
calculation. The NRC Staff have recommended that a probability of one be assumed for 
intruder scenarios as part of accepted practice, while DOE Order 435.1 has indicated that it is 
possible to take credit for probabilities of intrusion with appropriate justification. However, 
the question here goes beyond intrusion and is related to what-if type cases for alternative 
conceptual models, etc. for the all pathways scenarios. The ability to take account of the 
relative likelihood of different what-if cases reflects the advantage of moving towards more 
realistic interpretations as part of a probabilistic approach. 
 
There were also discussions regarding how to conduct screening and develop waste 
concentration or inventory limits within a probabilistic framework. 
 
6.4 RECOMMENDATIONS 
 
The group agreed that there are technical and policy concerns related to interpretation of 
probabilistic results in the context of deterministic standards. The consensus of the group was 
that these issues need to be dealt with carefully and in the overall context of the purpose of 
performance assessment as a decision making tool. In this context, the general feeling was 
there should be caution applied to making any rushes to judgment regarding quantitative 
criteria beyond comparisons of central tendencies of probabilistic results with the 
deterministic standards. The group agreed there are benefits to reviewing probabilistic 
approaches used for safety analysis of nuclear facilities for lessons learned and a point of 
comparison.  
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Some caution is needed when interpreting the distribution of results, because of the 
dependence on the input distributions used, which may reflect simplifications on reality (See 
discussions in Session 1). Thus, there seemed to be more interest in comparisons with central 
tendencies (mean or median) for compliance purposes rather than percentiles further out on 
the distribution (e.g., 95th). This reflects a desire to use the full distribution of results to 
inform a decision, but not to set too many numerical criteria for distributions that could 
potentially force a decision rather than using results other than the central tendencies to 
inform the decision.   
 
It was recommended to highlight a distinction between assigning probabilities for intruder 
scenarios and assigning probabilities or some indicator of relative frequency to what-if cases, 
alternative exposure scenarios, multiple failure configurations, etc. This would be consistent 
with application of probabilistic approaches used for safety analysis and also with the intent 
for probabilistic assessments to move more towards realism rather than conservatism.  
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7.0 CONCLUSIONS AND RECOMMENDATIONS 
 
Following the policy discussion, a brief summary discussion was used as an opportunity to 
summarize some of the main impressions from the workshop and also to identify a set of key 
recommendations as conclusions from the workshop. Overall, the workshop was successful 
in meeting the objectives that were set: 
• Review applications of probabilistic performance assessments and share technical 
perspectives, lessons learned and challenges to implementation, 
• Provide a forum for practitioners to identify good practices and share experiences, 
• Improve consistency in application of probabilistic assessments, 
• Address key implementation and policy issues, and 
• Identify references for information that can help improve the application of 
probabilistic approaches. 
 
In the opening remarks for the Workshop, it was pointed out that it had been several years 
since such a gathering of people involved in performance assessments had been held. In the 
context of improving consistency, the importance of fostering improved communication 
among the people conducting assessments was recognized by all and this workshop was 
believed to be an effective means of fostering communication. 
 
7.1 GENERAL IMPRESSIONS 
 
The presentations and discussions highlighted the fact that there remains healthy skepticism 
regarding both probabilistic and deterministic approaches. The group did not see this as a 
negative. The consensus was this skepticism simply reflects the need for PA practitioners to 
demonstrate that a thoughtful approach has been used for the assessment rather than relying 
on a technique to do the thinking. The importance of conducting PAs that are focused on the 
specific objectives (generally, informing a decision regarding compliance) rather than 
treating the effort as a modeling exercise was also emphasized many times. PA models can 
be so complex, it is essential to keep such an objective in mind throughout the process to 
avoid getting sidetracked on activities that do not contribute to achieving the real goal.  
 
The importance of an iterative approach using sensitivity analysis as a tool was highlighted 
throughout the discussions and presentations. Although people tend to think of uncertainty 
analysis first, it was apparent that the sensitivity analysis aspect of the work was a critical 
consideration for the PA process. The role of sensitivity analysis in identifying future work 
that has the best potential to benefit the PA and also to guide reviewers to key aspects of the 
analysis was consistently highlighted. The need for the sensitivity analysis (and the PA in 
general) to be focused on the decision to be made was highlighted numerous times as well. 
These considerations have resulted in the term “importance analysis” being used to 
emphasize that it is not simply global model sensitivity, but identifying sensitive parameters 
specific to the decision to be made. Approaches for implementation of the sensitivity analysis 
part of the PA were clearly an area of interest. 
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A few key technical/policy areas were the subject of much discussion. Concerns about how 
input distributions are being developed were apparent. Several examples were discussed that 
illustrated how problems with the definition of distributions have resulted in strange output 
for the PA models that were resolved through further refinement of the input distributions.. 
There was a lot of discussion about how to know when it is necessary to use a probabilistic 
approach. There is some expense and time associated with developing a probabilistic model 
and the inputs needed, so there needs to be a recognized benefit. The general feeling was that 
it is difficult to set specific criteria, a priori. The consensus seemed to be more along the 
lines that it is important to recognize the points where the benefits outweigh the costs. Along 
those lines, it was discussed that there can be many secondary benefits of developing a 
simplified model amenable to a probabilistic approach, beyond simply enabling the 
probabilistic calculations. The need to highlight these benefits was identified. 
 
One of the important challenges in adopting a probabilistic approach is developing the model 
that is amenable to the multiple realizations required for a probabilistic approach. One 
session was devoted to this topic in recognition of the challenges. Significant progress has 
been made in abstracting the details from a three-dimensional model into a more simplified 
representation amenable to multiple realizations needed for a full probabilistic assessment. 
 
7.2 OVERALL RECOMMENDATIONS 
 
The workshop concluded with six key recommendations based on the presentations and 
discussions that took place: 
 
1. There was a desire for guidance on how to determine what level of complexity is 
needed and when there is a need to implement a probabilistic approach. It is not 
clear whether an a priori determination for these issues is generally possible. The 
general view was to maintain proper perspective that the PA process is intended 
to inform decisions and deterministic and probabilistic approaches should be 
used with that goal in mind. From this view, decisions regarding when to use 
deterministic and probabilistic approaches will be based on how much 
information is needed to make the decision at hand. It was recommended that 
part of an activity to develop guidance could involve a review of existing 
positions regarding the use of deterministic and probabilistic methods (e.g., 
DOE-HS, NRC, EPA, international). A critical aspect of any recommendations 
will be an emphasis on the importance of conducting sensitivity or “importance” 
analyses and their use in the iterative assessment approach and the value that can 
be added by using a “hybrid” approach based on a combination of deterministic 
and probabilistic calculations. 
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2. The most significant technical recommendation was a clear need for additional 
guidance on the development of input distributions to be used for performance 
assessments. Experience to date has shown this is one of the most challenging 
aspects of moving to a probabilistic approach. The uniqueness of the problem for 
PAs entails a need to make modifications to traditional approaches. It was 
strongly recommended that a future workshop on this topic would probably be 
the best single area of focus resulting from this workshop. 
3. The group believed it would be very beneficial to create a categorized data 
repository and relevant references from existing PA efforts that could serve as a 
resource for practitioners across the complex. Having this centralized resource 
would reduce time spent searching for data, reduce duplication of effort and also 
should help promote more consistency in approaches. The task should also be 
linked with similar activities for other organizations (e.g., ISCORS). A 
retrospective look at data and references used in existing PAs would be a first 
step towards building this resource. 
4. Model abstraction was another technical issue that poses several challenges. As a 
first step, the group believed that it would be useful to summarize some of the 
benefits of having a simplified model available (e.g., ease of conducting special 
analyses, ease of explanation to stakeholders, QA of detailed model, composite 
analysis). This discussion could be included with a summary of some 
fundamental criteria to be considered when trying to develop a simplified 
representation of a more complex model. 
5. There is a need for specific guidance on addressing uncertainties beyond 
variability (conceptual models, alternative exposure scenarios, multiple failure 
scenarios, etc.). There is a need for the ability to consider probabilities for some 
of these situations, especially in cases of highly unlikely what-if scenarios.  
6. Two general topics were highlighted that need to be considered for all activities: 
benefits of involvement of reviewers early and often in the PA process and the 
need to maintain sufficient QA and documentation for the process, especially in 
the context of being able to transfer the work to others, if needed. 
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APPENDIX A.  WORKSHOP AGENDA 
 
Probabilistic Sensitivity and Uncertainty Analysis Workshop 
March 10-11, 2008, Augusta, Georgia 
Augusta Marriott Hotel and Suites, Estes Meeting Room 
Call-in Number: (803) 725-1403 - Access Code 6858190  
(limited lines, please try to call as a group, if possible) 
 
Day 1 – March 10 (7:30 a.m. – 5:30 p.m.) 
Time Topic Presenter 
7:30 – 8:00 a.m. Registration All 
8:00 – 8:30 a.m. Opening Remarks Marty Letourneau DOE-HQ, EM-11  
8:30 – 9:00 a.m. Background for Workshop Roger Seitz SRNL 
9:00 – 9:05 a.m. Session 1 – Input Data and Distributions Bruce Crowe NTS – Battelle  
9:05 – 9:35 a.m. 
Probabilistic Analysis and Parameter 
Distributions – Experience Learned in 
Developing the Probabilistic RESRAD 
Charley Yu 
ANL 
9:35 – 10:05 a.m. 
Development of Input Data and 
Distributions for Performance 
Assessment 
David Esh 
U.S. NRC 
10:05 – 10:30 
a.m. Break  
10:30 – 11:00 
a.m. 
How to Construct Defensible Input 
Distributions 
Paul Black 
Neptune and Co. 
11:00 – 12:00 
a.m. Moderated Discussion for Session 1 
Bruce Crowe 
NTS – Battelle 
12:00 – 1:30 p.m. Lunch  
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Day 1 – March 10 (7:30 a.m. – 5:30 p.m.) - continued 
Time Topic Presenter 
1:30 – 1:35 p.m. Session 2 – Model Abstraction Mike Sully Neptune and Co. 
1:35 – 2:05 p.m. Model Abstraction for the F Tank Farm Performance Assessment 
Greg Flach/Glenn Taylor 
SRNL 
2:05– 2:35 p.m. Groundwater Transport Abstraction in a PA for a LLW facility, Los Alamos, NM 
Phil Stauffer 
LANL 
2:35 – 3:00 p.m. Break  
3:00 – 3:30 p.m. Model Abstraction and Treatment of Model Uncertainty 
Matt Kozak 
Monitor Scientific 
3:30 – 4:30 p.m. Moderated Discussion for Session 2 Mike Sully Neptune and Co. 
4:30 – 5:30 p.m. Open Discussion of Sessions 1 and 2 Roger Seitz SRNL 
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Day 2 – March 11 (8:30 a.m. – 5:30 p.m.) 
Time Topic Presenter/ Organization 
8:30 – 9:00 a.m. Summary from Sessions 1 and 2 Bruce Crowe/Mike Sully 
9:00 – 9:05 a.m. Session 3 – Implementation of Probabilistic Sensitivity and Uncertainty Analyses 
Marc Wood 
Fluor Hanford 
9:05 – 9:35 a.m. Sensitivity Analysis for Low-Level Waste Performance Assessment 
Art Rood 
INL 
9:35 – 10:05 a.m. 
So That All Works in Theory – How Does 
It Happen? Implementation Issues in 
Uncertainty/Sensitivity Analysis 
John Tauxe 
Neptune and Co. 
10:05 – 10:30 a.m. Break  
10:30 – 11:00 a.m. 
The Roles of Uncertainty Analysis and 
Sensitivity Analysis in Real World Decision 
Making 
Paul Black 
Neptune and Co. 
11:00 – 12:00 a.m. Moderated Discussion for Session 3 Marc Wood Fluor Hanford 
12:00 – 1:30 p.m. Lunch  
1:30– 2:00 p.m. Summary of Session 3 Marc Wood 
2:00 – 2:05 p.m. Session 4 – Policy Implications Roger Seitz SRNL 
2:05 – 2:35 p.m. EM-11 Perspectives Marty Letourneau DOE-HQ, EM-11 
2:35 – 3:05 p.m. HS-20 Perspectives Andy Wallo DOE-HQ, HS-20 
3:05 – 3:30 p.m. Break  
3:30 – 4:30 p.m. Moderated Discussion for Session 4 Roger Seitz SRNL 
4:30 – 5:30 p.m. Path Forward – Open Discussion Marty Letourneau Roger Seitz 
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Probabilistic Sensitivity and Uncertainty Analysis 
- Background Information and Workshop Context
Roger Seitz
Elmer Wilhite
Workshop on 
Probabilistic Sensitivity and Uncertainty Analysis
Augusta, GA
March 10-11, 2008
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Objectives
? Place Workshop in Context:  
– Safety factors built-in to standards
– Historical perspective on roles of probabilistic and 
deterministic assessments 
– Interpretation of probabilistic results in context of 
deterministic standards
– Sensitivity “Importance” Analysis in a Hybrid 
approach
4
Regulatory Standards
? DOE Order 435.1 and 10 CFR 
Part 61 include deterministic all 
pathways dose standards and 
inadvertent intruder protection 
measures
? DOE Order 435.1 also includes 
groundwater protection and 
radon release standards as well 
as need for sensitivity and 
uncertainty analysis
Environmental Assessment Division
Argonne National Laboratory
EXPOSURE PATHWAYS CONSIDERED
IN RESRAD (Subsistence Farming Scenario)
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Sensitivity/Uncertainty Analysis – Historical 
Perspectives (HLW Program (80s))
? Fully probabilistic 
requirements
? Deterministic supporting 
calculations
Importance of Parameter?
Timing?
Link to Performance?
Laboratory Research?
Site Characterization?
Confidence?
Variability?
Significance of “barriers”?
? “Performance Allocation” 
concept resulted in some 
institutionalization of the 
role of sensitivity analysis 
and the iterative approach
7
Historical Perspectives - DOE/NRC LLW
? DOE Order 5820.2A & 435.1
– PA Maintenance (iterative approach and 
role of sensitivity analysis)
? DOE Performance Assessment Task 
Team
– Tended towards deterministic due to 
nature of standards and precedents
– Debates on role of probabilistic analysis
Monitor Scientific
? NRC Performance Assessment Working 
Group
– Desire to move towards fully 
probabilistic approaches
– Risk-Informed, Multiple lines of 
reasoning and multiple conceptual 
models
1-Seitz-Intro WSRC-STI-2008-00333
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8Historical Perspectives - Other LLW Activities
? National Council on Radiation 
Protection and Measurements (NCRP)
– Merits of deterministic, probabilistic 
and combined approaches
– “Importance Analysis” 
? International Atomic Energy Agency
– Existing guide includes sensitivity and 
uncertainty analysis
– Draft guide and Proposed Co-ordinated
Research (PRISM) include discussion 
of implementation of uncertainty 
analysis
9
Implementation - Complexity
? Occam’s Razor (Principle of Parsimony) – “Pluralitas
non est ponenda sine necessitas”
(Plurality should not be posited without necessity -
Or, in modern terms, choose the method involving less 
assumptions that arrives at the same conclusions)
–Goal is to demonstrate compliance, if possible, in a cost-effective 
manner (not overly-conservative)
? Einstein – “Everything should be made as simple as 
possible, but not simpler”
–Need to address key processes (which processes 
are key??)
10
WHAT IF ….
Early cover, liner 
and tank failure 
and fast flow 
path?
Early tank 
failure?
Less 
inventory?
Early concrete 
failure?
Deterministic Assessment
? Traditional, deterministic 
standards (Idaho Tank PA, many 
existing PAs for LLW disposal)
? Effort focused on developing & 
negotiating compliance case, 
including scenarios & parameters
? Demonstrate dose is less than 
standard
? Add sensitivity cases to address 
“what-if” type questions, different 
conceptual models, etc.
? Difficulty in how to interpret 
deterministic result that 
exceeds standard, even if 
unlikely case
11
Probabilistic Assessment
? Gaining popularity, risk-informed 
(not specifically covered in Part 61, 
Subtitle C)
? Effort focused on quantifying  
scenarios and developing 
distributions for inputs 
? Demonstrate peak of means is less 
than deterministic standard 
(Guidance for 10 CFR Part 20 and 
staff recommendations for Part 61)
? “What-if” and uncertainty analysis 
implicitly included
Time
Mean
5%
95%
limit
WHAT IF ….
Early cover, liner and 
tank failure and fast 
flow path?
Early tank failure?
Less inventory?
Fast flow path?
Early Vault failure?
More infiltration?
Variability?
? Relative likelihood of extreme 
cases is specifically represented
Standard?
12
Hybrid Approach
? Agree on deterministic baseline 
case(s) to compare with 
deterministic standard (add 
sensitivity cases)
? Use probabilistic approach to 
capture “what-if” questions and 
uncertainty analysis (using 
benchmarked model)
? Multiple lines of reasoning
? Continuous improvement of both 
approaches in iterative process
Dose vs. Limit
Time (yr)
Peak less than standard
Time
Mean
5%
95%
limit
Peak of means less than standard
13
Benefits of Hybrid Approach
? Maintain direct connection to 
deterministic conceptual model and 
standard 
? Conduct cumbersome calculations 
deterministically and build capability 
for more rapid calculations
? Detailed and simplified models learn 
from each other
Compliance?
Simplified
Time
Mean
5%
95%
limit
Abstraction
Benchmark
All Details
Dose vs. Limit
Time (yr)
Detailed
HYBRID
? Meet NRC expectations for use of risk-
informed probabilistic approach and DOE 
expectations for sensitivity/uncertainty 
analysis
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INL Radioactive Waste Management Complex PA
Deterministic
Probabilistic
One-off sensitivity can help
test individual parameters and
explain behavior
15
Sensitivity (Importance) Analysis
? Focus attention on parameters 
of greatest interest for 
conclusions (not just model)
? Guide reviewers and also 
identify areas where 
continued work can build 
confidence in conclusions
? NCRP Committee adopted 
the term “Importance 
Analysis” 
16
Importance Analysis - Timing
? Different parameters are important at different times
17
Importance Analysis - Probabilistic
110.2Cl-36 source term
67-0.5Uranium Kd (mL/g)
Percent 
Variance 
(%) 
Rank 
Correlation 
Coefficient 
2000 years after 
Disposal 
19- 0.23Uranium Kd (mL/g)
27- 0.27Engineered cover 
longevity (year) 
370.32Cl-36 source term 
Percent 
Variance 
(%) 
Rank 
Correlation 
Coefficient 
500 years after 
Disposal 
INL RWMC Example - Timing
SRS Tank Farm Example - Endpoint
7.36.44.4Saturated aquifer thickness
-
4.9
5.6
11
Well A
3.16.8Vadose zone thickness
3.7-Tank X failure scenario
-4.9Pu Kd (clayey soil)
11
Well B All Wells
5.5Pu Kd (sandy soil)
Sensitivity Index First 10,000 years
Iterative approach to identify key 
contributors, then focus sensitivity analysis
18
Summary
? Deterministic regulations include safety factors
? Value of sensitivity and uncertainty analysis as part of PA has 
been recognized for many years 
? Deterministic approaches have been successful for many cases, 
but addressing “what-ifs” can be problematic
? Probabilistic approaches provide a means to implicitly consider 
uncertainty and not consider extreme cases individually
? Sensitivity (Importance) analyses need to be interpreted 
carefully
? Don’t get consumed by implementing methods, no approach is a 
substitute for thinking and demonstrating system understanding
19
Workshop Background
? High Level Goals
– Develop recommendations for guidance on the conduct of 
probabilistic sensitivity and uncertainty analyses
– Forum to share experiences, references and lessons learned
– Reinforce/Open lines of communication (consistency)
? Structure (Four Topical Areas)
– Distributions 
– Model Abstraction 
– Sensitivity and Uncertainty Analysis 
– Policy Issues
1-Seitz-Intro WSRC-STI-2008-00333
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Workshop Approach
? Rapporteurs leading topical areas and 
moderating discussions
? Short presentations for each topic
– sharing successes and lessons learned
– provoke discussion about future needs
? Openly discuss challenges/difficulties
? Presentations intended for technical 
audience to share experience (will be 
some complexity)
? Rapporteurs - summarize details into 
recommendations for a path forward at a 
level for the group
21
Discussion Ground Rules
? Collect ideas for effective approaches, 
issues/short-comings, and areas where 
recommendations would be beneficial
? Encourage all to express opinions and ask 
questions, but time will be limited for each
? Recognize that there is no perfect answer 
? Avoid protracted debates (“us versus them”) 
or discussion dominated by a few people
? Focus on benefits of different approaches 
and recognize short-comings
1-Seitz-Intro WSRC-STI-2008-00333
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Probabilistic Modeling
and Input Data
Bruce Crowe, Science Advisor, EM Nevada Site 
Office
Battelle Memorial Institute
Uncertainty Workshop
March 10, 2008
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Probabilistic Modeling
• Paradigm shift
– From model development (credible process models) to using model 
results/output for decision making 
– Focus of regulatory/government groups (Environmental Protection 
Agency, Nuclear Regulatory Commission, National Academy of 
Sciences, Office of Management and Budget): risk assessment 
requiring probabilistic model output
– Enhanced computing capability: simulations now practical
• Environmental systems: complex, 3‐D hydrogeologic settings
– Uncertainty dominates 
– Probabilistic approaches needed to quantify uncertainty
• Probabilistic modeling approaches:
– Build on the base of and expand deterministic (process) modeling
– imperfect and continuing to develop
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Probabilistic Model
Model Input
(x1, x2, x3, . . .xn)
Model Response
(y1, y2, y3, . . .yn)
Probability Density 
Function (PDF)
Centered about 
Expected Value
Probability Density 
Function (PDF)
Centered about 
Expected Value
Model Response: mean centered with realistic tail distributions 
used to quantify uncertainty
. . . if all components of uncertainty (model inputs) are 
captured by model response
Monte Carlo Simulation
Multiple realizations
spectrum of model responses
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Uncertainty
Decision/Regulatory
Decision/Regulatory
Model
Model
Conceptual/Scenario/Framework
Conceptual/Scenario/Framework
Parameter/Knowledge
Parameter/Knowledge
Variability Statistical Uncertainty
Structural Uncertainty
Structural Uncertainty
Challenge: How to build probabilistic models that incorporate all 
components of uncertainty and yield realistic model outputs?
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Input Data and Distributions
• Session Speakers
– Charley Yu, Argonne National Laboratory
• Probabilistic Analysis and Parameter Distributions
– David Esh, Nuclear Regulatory Commission
• Development of Input Data and Distributions for Performance 
Assessment
– Paul Black, Neptune and Company
• How to Construct Defensible Input Probability Distributions?
2-Crowe WSRC-STI-2008-00333
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Session Wrap‐Up
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Session Overview: Input Data and Distributions
• Multiple perspectives on development and refinement of input probability 
distributions
– Distribution forms
– Data issues (local; literature; subjective; data deficiencies)
– Distribution sampling in probabilistic simulations
– Distribution pitfalls/issues
• Correlations
• Compounded conservatism (Is “conservatism” a valid concept in probabilistic 
models?)
• Spatial and temporal averaging (upscaling)
• Plausibility of sampled values from distributions
• Iterative process: distribution development, simulation, sensitivity and 
uncertainty analysis
• Missing uncertainty components
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Why Quantify Uncertainty?
Informed Decision 
Making . . .
Uncertainty? I don’t 
need to know about 
no stinking 
uncertainty
55FY08 – 03/10/2008 – Page 10
Uncertainty Components
• Statistical Uncertainty
– Variability (never quantified for environmental models; 
heterogeneity)
– Knowledge/Parameter (input distributions, reducible through 
data gathering, hidden uncertainty)
• Structural uncertainty
– Model (model/code selection, model assumptions; ability to 
represent physical reality)
– Conceptual/framework (multiple permissive alternative models, 
model averaging)
– Scenario/Decision (dose conversion, exposure scenarios, decision 
endpoints: management involvement)
Modified from Morgan and Henrion, Uncertainty, 1990; Krupnick et al. Not a Sure Thing: Making Regulatory Choices Under Uncertainty; Resources for the Future, 2006; IPCC 
Workshop, Describing Scientific Uncertainties in Climate Change to Support Analysis of Risk and of Options, 2004
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Reasons not to Assess Uncertainty
• Uncertainty analysis (UA) is not necessary with physically 
realistic models
– Neglects uncertainty of parameter and structural components
• UA is not useful for understanding processes
– Process models: deterministic (curiosity driven)
– System models: probabilistic (uncertainty)
– System models must build from the foundation of deterministic 
models
• PDFs cannot be uncerstood by policy makers or the public
– Learning process; basis for this workshop
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Reasons not to Assess Uncertainty (cont)
• UA cannot be used in the decision process
– Yes/No; uncertainty too large to be useful
– Probabilistic modeling provides a tool to systematically 
reduce uncertainty
• UA is too subjective
– All modeling is subjective 
• UA is too difficult to perform
– Difficult but approaches are evolving
– Difficulties are the reason for this workshop
2-Crowe WSRC-STI-2008-00333
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Probabilistic Analysis and 
Parameter Distributions
Experience Learned in Developing 
the Probabilistic RESRAD Codes
Charley Yu, PhD, CHP
RESRAD Program Manager
Presented at the Probabilistic Sensitivity and 
Uncertainty Analysis Workshop
March 10-11, 2008 
Augusta, Georgia 
2Environmental Science Division
Presentation Outline
?What is Probabilistic Analysis
– The difference between deterministic analysis and probabilistic 
analysis
?Compilation of Parameter Distributions
– Precautions on using default distributions
?Sampling the Distributions
– Monte Carlo and Latin hypercube sampling
?Grouping the Samples
– Correlated or random
?Discussion
– How certain are you that you are doing it right?
3Environmental Science Division
Schematic Overview of  Probabilistic Analysis
4Environmental Science Division
Comparison of Deterministic and Probabilistic Analysis
Many sets of results
– a distribution of
•the peak dose
•the temporal plot of dose
One result
•the peak dose
•the temporal plot of dose
Calculations are performed 
many (Nobs X Nrep) times
Calculations are performed one 
time
Sample the distribution many 
(Nobs) times and use Nobs sets of 
inputs, then repeat Nrep times
Use one set of inputs
A distribution for one or more 
parameters
Single value for each input 
parameter
ProbabilisticDeterministic
5Environmental Science Division
Use of Dose Results
Not consistent?
Need guidance?
Consistently used for various types 
of dose assessment
Based on some measure of the 
distribution of the peak dose
•A percentile (e.g., 99%, 95%) of 
the distribution of the peak dose,
•The mean of the peak doses,
•The peak of a percentile of the 
distribution of the dose over time,
•The peak of the mean doses over 
time
Based on the peak dose
ProbabilisticDeterministic
6Environmental Science Division
Parameter Distributions
3-Yu WSRC-STI-2008-00333
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7Environmental Science Division
? National statistical distributions are available for many physical 
parameters
? Most behavioral and metabolic parameter distributions are based 
on adult male receptors
? Distributions dependent on data amount
– distribution fit if sufficient data
– restricted by known values otherwise
? Can choose from 19 statistical distributions when specifying site 
specific distributions
? There are more than 30 ways to specify distributions in RESRAD-
OFFSITE code
Compilation of Distributions for Input Parameters
Reference: 
User’s Manual for RESRAD-OFFSITE Version 2, ANL/EVS/TM/07-1, DOE/HS-0005, NUREG/CR-6937, June 2007.
8Environmental Science Division
? Continuous
– Uniform
• Piecewise uniform
– Loguniform
• Piecewise loguniform
– Triangular
– Normal
– Lognormal
– Exponential
– Logtriangular
– Beta
– Inverse Gaussian
– Gamma
– Weibull
– Parato
– User specified
? Discrete
– Poisson
– Geometric
– Binomial
– Negative Binomial
– Hypergeometric
• All the standard discrete 
distributions above will 
sample positive integer 
values and zero
– User specified
• The user specified discrete 
distributions (cumulative 
and histogram) can also 
sample non-integer values
• Complete
• Truncated
• Bounded
Available Distributions
9Environmental Science Division
Unsaturated Zone Thickness Distribution
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10Environmental Science Division
Mass Loading Distribution
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11Environmental Science Division
Precautions on Using Default Distributions
? National (and Regional) Average Distributions 
– Unsaturated zone thickness
– Precipitaion, evapotranspiration rate, etc.
? Time Average Distributions
– Mass Loading Factor
• Can short-term dust loading be used for long-term dose 
assessment (annual dose, dose at 10,000 years, etc.)?
– Precipitation Rate
• Hourly vs. annual precipitation
12Environmental Science Division
?Site-specific data can be used directly without having 
to fit it to a common distribution
? Continuous Distribution Options
– Piecewise Uniform (specify number of observations)
– Continuous Linear (specify cdf)
– Continuous Frequency (specify frequency)
Using Empirical Distributions for Site-specific Data
3-Yu WSRC-STI-2008-00333
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13Environmental Science Division
An Example of Continuous Empirical Distributions
14Environmental Science Division
An Example of Continuous Empirical Distributions 
(CDF)
Appendix B of the Users’ Manual
Parameter distributions
Cumulative Distribution Function for Mass loading
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Table 3.1-1 Data
8 points Continuous
15Environmental Science Division
Continuous Linear Empirical Distribution
? If the data is in the form of the 
cumulative distribution function of 
different values
16Environmental Science Division
Sampling the Distributions
17Environmental Science Division
?Parameter distributions can not be used directly
?Parameter distributions are “sampled” to reflect the 
specified distributions
?Many sampling routines have been developed
– Simple Random Sampling 
• SRS
• Monte Carlo
– Latin Hypercube Sampling
• LHS
Implementing a Probabilistic Input
18Environmental Science Division
? Simple random sampling “Monte Carlo”
– The entire parameter distribution is sampled randomly based 
on the number of observations (Nobs) requested by the user
? Latin Hypercube Sampling “LHS”
– Divides the parameter distribution into Nobs  nonoverlapping 
areas of equal probability
– One sample is obtained from each region
Sampling Methods
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19Environmental Science Division
Combining the Samples
20Environmental Science Division
1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
?Have 10 samples each 
for two different variables
?How should the 
observations be paired?
– “Highs” with the “highs”, 
“Lows” with the “lows”?
– Different from highest with 
highest, next highest with 
next highest, etc. 
Grouping of observations (Highs with Highs)
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1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
?How should the 
observations be paired?
– “Highs” with the “lows”, 
“Lows” with the “highs”?
– Different from highest with 
lowest, next highest with next 
lowest, etc. 
– Need some way to specify 
how close you want the 
paired values to be.
• Correlation coefficient
Grouping of Observations (Highs with Lows)
22Environmental Science Division
?How should the 
observations be 
paired?
– With no correlation?
• Not the same as at 
random
1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
Grouping of Observations (No Correlation)
23Environmental Science Division
?How should the 
observations be 
paired?
– At “random”?
– May be correlated by 
chance
1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
Grouping of Observations (Random)
24Environmental Science Division
– Precipitation rate and irrigation rate. 
(Negative correlation)
– Outdoor time fraction and drinking 
water intake rate. (Positive 
correlation) 
– Indoor time fraction and outdoor time 
fraction
porosity)-(1 density Particle density Bulk ×=
Depends mainly on the element, minor 
isotopic differences due energy of recoil
More precipitation there is during the 
growing season, less is the need for irrigation
The amount of water consumed may 
increase with the time spent outdoors
Can not add up to be more than 1
Why Correlate Input Parameters?
? There may be a practical reason for a correlation between 
the input parameters
? There may be a theoretical relationship between input 
parameters
– Porosity and dry bulk density of soil
– The distribution coefficient of different                       
isotopes, e.g. 238U, 234U, 235U
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25Environmental Science Division
?Correlation between input
– Allows users to input a relationship between two parameters.
– Relationship is defined by the correlation coefficient between 
the rank of the samples
– Rank correlation coefficient in the range  –1 to 1 (exclusive) 
can be specified
• strong negative correlation (-0.999999)
• no correlation (0, parameters are independent)
• strong positive correlation (0.999999)
Correlated Grouping
26Environmental Science Division
?Correlated or Uncorrelated
– Samples are grouped together according to specified 
correlations
– The code assumes a zero correlation between all pairs of 
probabilistic inputs for which no correlation is specified
• Users must specify all non-zero correlations
?Random
– Samples are grouped together at random
– Some parameters may be correlated by chance
Grouping of Observations
27Environmental Science Division
?The correlations specified need to be complete and 
compatible
– Illustrate with an Example
• Suppose that I want to sample the distribution coefficients (Kd) 
of 226Ra in the contaminated, unsaturated, and saturated zones
and use similar values for all three zones
• So I specify the following correlations …
– Contaminated zone & unsaturated zone = 0.9
– Contaminated zone & saturated zone = 0.9
• .. and perform the sampling….
– Observations 2000
– Repetitions 3
• What will the code do? Will I get what I want to accomplish?
Specifying Correlations Among a Group of Inputs
28Environmental Science Division
Rank correlation coefficients specified:
0.9 0.9 0.0
Nobs = 2000
Nrep = 3
Incomplete specification of correlation
Rank correlation coefficients achieved:
Repetition 1, 2, and 3.
0.7259, 0.7344, 0.7295 0.7314, 0.7202, 0.7261              0.1056, 0.1035, 0.1025
29Environmental Science Division
Discussion
?How can one be certain that the code is doing what 
you think it is doing?
?Do I always need site-specific data distributions?
?When can I use default distributions?
?Parameter sensitivity and uncertainty?
?How many observations? How many repetitions?
?Which dose value to use? Peak of the means, 95%ile, 
or Mean of the peaks? Others?
?Will training help?
30Environmental Science Division
Thank You!
RESRAD Web Site:
http://www.evs.anl.gov/resrad
Email: resrad@anl.gov
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1Development of Input Data and 
Distributions for Performance Assessment
David W. Esh, PhD
Senior Systems Performance Analyst
Division of Waste Management and Environmental Protection
US Nuclear Regulatory Commission
Washington DC, 20555
(301) 415-6705;  dwe@nrc.gov
Probabilistic Sensitivity and Uncertainty Analysis Workshop, 
March 10-11, 2008.  Augusta, GA.
2
Overview
• Data Sources
• General Guidelines 
– Using data
– Establishing parameter distributions
– Implementing parameter distributions
• Potential Problems
3
Data Sources
• Data for performance assessment - hard to find
• Reasonable sources of data are some of the 
PA’s for specific sites (e.g., NTS, SRS, Hanford)
• Generic datasets available from some regulatory 
reports
• Wikipedia approach for PA data?
4
Data Sources (select)
General
• Argonne National Laboratory RESRAD 
reports (ANL/EAIS-8, ANL/EAD/LD-2)
• Reports for 10 CFR Part 61 rulemaking 
(NUREG-0782, NUREG/CR-4370)
Biosphere
• NUREG/CR-5512, Vol. 3
• Laplante and Poor  – CNWRA 97-009
• http://web.ead.anl.gov/iscors/home.cfm
• Baes, C. F. (1984)
• FGR 11, 12, 13 – DCF’s
• IAEA (TR 364)
• International
Sorption/Solubilities
• Sheppard and Thibault, 1990.
• Sites (SRS, Hanford) – Kaplan
• Bradbury and Sarott, 1995 (cements)
• Allard (SKB) - cements
• Solubilities (disparate sources)
Miscellaneous 
• CNWRA report (hydraulic props 
cement) – in preparation
• Sehmel, 1980 – resuspension
• Sheppard and Evenden, 1990 – soil 
to plant transfer factors
5
Using Data
• Site specific data is preferred, all things equal
• Data quality should be ensured
• Comparison of site specific data to generic data should 
be performed
• Need to understand what the data represents
– Is your data representing a model? (more on this)
– Is your data spatially and temporally variable?
• Need basis for all data but amount of support can be risk-
informed 
• Should consider method of data collection – Is the data 
representative?
6
Using Data – Representative Data Example
1 3 5
10 30 50
10
0
30
0
50
0
10
00
30
00
50
00
10
00
0
10
00
00
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
Frequency
K (cm/d)
Disc Infiltrometer
Lab data
Ring Infiltrometer
Data generated for this example.
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7Using Data – Spatial and Temporal Averaging
Erosion Processes Transport/Partitioning Uptake/Exposure 8
• A lot of data – use statistical methods
• Limited data:
– Initially use maximum entropy approaches
– Refine distributions by collection of more data
– Truncate distributions that impact timing of dose impacts 
using conservative bias
• Show comparison of data to distribution
Establishing Parameter Distributions
9
Establishing Parameter Distributions
ANL-NBS-MD-000003 Rev 01 September 2004 – Probability 
Distribution for Flowing Interval Spacing
10
• Random sampling – Monte Carlo
• Importance sampling
• Latin Hypercube Sampling (LHS)
• Others
Implementing Parameter Distributions
J. C. Helton, "Mathematical and Numerical Approaches in Performance Assessment for 
Radioactive Waste Disposal: Dealing with Uncertainty," in Modelling Radioactivity in the 
Environment, E. M. Scott, Ed. New York: Elsevier Science, 2003, pp. 353-390.
McKay, M.D., R.J. Beckman, and W.J. Conover. 1979. “A Comparison of Three 
Methods for Selecting Values of Input Variables in the Analysis of Output from a 
Computer Code,” Technometrics. Vol. 21, no. 2, pp. 239-245.
11
Problems
• Unit conversions
– Example: Dry weight or wet weight plant transfer factors
• Lack of correlation
– Example: Food and plant intake rates in probabilistic 
simulations
• Data replacing a model
– Example: Distribution coefficients (Kd’s) from generic 
sources
12
Problems – Data Replacing a Model
Range of Uranium Kd for Sand 
from Sheppard and Thibault is 
0.03 ml/g to 2200 ml/g for 24 
samples
0
0.1
0.2
0.3
0.4
0.5
0.6
0.03
0.1
0.3
1 3 10 30 35 100
300
1000
3000
10000
30000
Kd (ml/g)
Variables (some):
Grain size
% not sand
pH
Eh
Pore fluid chemistry
Biologic agents
Variables (some):
Oxidation/reduction
Speciation (solubility)
Adsorption
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13
Problems – Data Replacing a Model
• Sheppard and Thibault data represents a lot of 
different things
– What is ‘conservative’?
• In many PA’s, results could be significantly 
different if the U Kd was 0.03, 35, or 2200 ml/g
• Your specific site may have much more narrow 
range of values
– Example: Hanford U Kd’s ~ (0.2 to 4 ml/g) [Krupka
and Serne]
14
Conclusions
• Performance assessments need quality data
• Data selection, implementation, and 
justification processes should be iterative 
and risk-informed
• PA community should consider establishing 
databases of technical information
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DOE Probabilistic SA/UA Workshop • March 2008
How to Construct
Defensible Input
Probability Distributions
Paul Black
Neptune and Company
www.neptuneandco.com
DOE Probabilistic SA/UA Workshop • March 2008
Presentation Outline
• Regulatory environment/decisions
• Motivation for probabilistic modeling
– DA, decision making, uncertainty 
reduction, ALARA
• Specifying input distributions
• Where guidance might be helpful
DOE Probabilistic SA/UA Workshop • March 2008
435.1 Decision Context
• Compliance assessment
– Comparison to performance objectives
• PA Maintenance
– Reduce uncertainty
– Test conceptual models
– Increase confidence in PA results
• ALARA
DOE Probabilistic SA/UA Workshop • March 2008
Further Decision Context
• (Long term) Monitoring,
Special studies (applied R&D)
– reduce uncertainty
• Future disposal,
Closure,
Maintenance and Operations
– optimization, ALARA
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Use Decision Analysis
• “Formalized common sense”
• A set of tools for structuring and 
analyzing complex decision problems
• Logical, reproducible, and defensible 
decisions in the face of:
– Technical complexity
– Uncertainty
– Costs and value judgments
DOE Probabilistic SA/UA Workshop • March 2008
Decision Analysis Components
• Decision options
• Probabilistic model (uncertainty)
• Utility functions (costs and values)
• Uncertainty analysis
• Sensitivity analysis
– Value of information
• Collect new information and iterate?
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DOE Probabilistic SA/UA Workshop • March 2008
Probabilistic Modeling
• Model preparation
– Gather pertinent information
– Develop conceptual model
• Model structure
– Variables (parameters) and relationships
– Include alternative models, scenarios
• Model specification
– Probability distributions, correlations
– Conditions (assumptions)
– Costs, value judgments
DOE Probabilistic SA/UA Workshop • March 2008
Probabilistic modeling approach
• Top-down modeling
• “Models should be as simple as possible 
but no simpler” (Morgan and Henrion)
• Computational issues
• Systems level modeling aimed at solving 
decision problems, hence the need for 
probabilistic analysis
• Average effect (risk assessment)
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Why Averaging?
• Large sites, long compliance period
• Average effect over space and time
• Uncertainty is characterized 
throughout (not variability)
• Uncertainty reduction is measurable
• Output is then distribution of average
– No more “long” output distributions
– Compliance implications
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Why Averaging? (cont…)
• Risk assessment is based on averages
• Bayesian statistical models are built 
around distributions of averages
• Expected Utility (used in decision 
analysis) is an averaging concept
• We want the systems level or average 
effect, with some “protection” thrown 
in – 95th %ile is similar to 95% UCL
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Information Sources
• Data
• Meta-data (relevant related data)
– Literature review data
– Other secondary data
• Surrogate data
• Other studies
• Model abstraction
• Elicitation
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Construction: Meta-analysis
• Formal Bayesian statistical methods
• Less formal – be creative and subject to 
peer review for reasonableness
• This is a prior model – if important (SA) 
then collect more information/data
• For example, mammal density data at the 
NTS – several studies, disparate data, 
used some, ignored some, statistically 
combined some – important in SA
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Construction: Model abstraction
• Distinguish complex model from system 
model (process- vs. uncertainty-based)
• Use statistical methods if model provides 
enough information/data to do so
• Otherwise combine model output with 
expert opinion to support abstraction if 
necessary/possible?
• Example – Upward advection at NTS
DOE Probabilistic SA/UA Workshop • March 2008
Upward advection example
• FEHM used to model gas and liquid phase 
flow and transport
• A range of fluxes for each pilot well was 
obtained by varying three parameters. 
– root zone capillary pressure,
– time from pluvial to drier conditions, 
– treatment of material properties as uniform or 
heterogeneous.
• 12 liquid and vapor flux profiles were fit 
using a beta distribution.
DOE Probabilistic SA/UA Workshop • March 2008
Construction: Model abstraction
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Construction: Elicitation
• Methods exist
– Experience shows it works well
– Lingering skepticism; but, regulatory 
acceptance (YM, NRC, NSO)
• Document the heck out of it
• Use peer review throughout
• Examples:
– IHI, management control options at NTS
– YMP PVHA
DOE Probabilistic SA/UA Workshop • March 2008
Construction with Data: Issues
• Continuous or discrete
• Finite or infinite
– Consequences of finite range
• Spatio-temporal scale (average effect)
• Correlation  (complicated)
• Effect of ratios
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Continuous vs. Discrete
• Most PA variables are continuous
• When discretized, information is lost 
and uncertainty is inadequately 
characterized.
• For example:
– Inventory for the F-Tank Farm PA
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Inventory example
• F-Tank Farm – Tank 1 
• Tc-99 – 6.25 pCi/g – starting point
• Multiply by:  0.01,  0.1,  1, or  10
(at random)
• Introduces some form of variability or 
uncertainty, but not well characterized
• Values of 0.0625, 0.625, 6.25 and 
62.5 only are allowed !
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F-Tank Farm Inventory example
• Tc-99 – 6.25 pCi/g * (0.01, 0.1, 1, 10)
0.0
0.5
1.0
1.5
0.01 0.1 1 10 100
CDF
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Inventory example
• Only 4 values are permissible.
• This is not reasonable – a value of 7 
(pick a number) is just as reasonable
• 6.25 pCi/g was the best estimate
• But the average now is about 17 pCi/g
– Not representative of our knowledge
– Not properly characterizing uncertainty
– Compromises UA/SA
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Discrete when?
• Discrete distributions have their place 
– choosing from among options, e.g.: 
– Model uncertainty
• E.g., choice of 4 tortuosity models at NTS
– Scenario uncertainty
• E.g., choice of tank failure configuration at 
FTF (6 scenarios/options)
– Some variables (parameters)
• E.g., choice of 3 aquifers for well screens
DOE Probabilistic SA/UA Workshop • March 2008
Finite or infinite range
• Range of distribution should relate to 
natural range of the variable
• Overuse of finite distributions
– Triangular, Uniform, Log-uniform
• End effects
• For example:
– F-Tank Farm – Pasture exposure time to 
irrigation (PETI)
DOE Probabilistic SA/UA Workshop • March 2008
PETI example
• Triangular(30, 141.7, 365) (days per year)
• High end is a reasonable truncation point
• Low end is not (why not 29?)
0.000
0.002
0.004
0.006
0 100 200 300 400
PDF
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Annual swimming example
• Triangular(8.9, 8.9, 21) (hrs. per year)
• Low end is not a reasonable truncation 
point – most likely possibility, but 8.8 is 
not possible!
0.00
0.05
0.10
0.15
0.20
8 10 12 14 16 18 20 22
PDF
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Distribution of the average
• In both previous examples it is 
probably unreasonable to apply those 
distributions to the model.
• E.g., randomly pull 365 days per year 
and apply for the entire compliance 
period and spatial domain – does not 
make sense.
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Distribution of the average
• Perhaps these would be better?
0.00
0.01
0.02
0.03
0.04
40 60 80 100 120 140 160 180 200 220 240 260
Stochastic1 
0.0
0.1
0.2
0.3
0.4
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Stochastic1 
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Log-uniform issue
0.0
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Construction: Data
• Distribution of average from 
bootstrapping data
• CLT is working for us with 
distributions of averages, so use it !
• Consider using Bayesian methods if 
data are minimal
• Example with lots of data
– Moisture content at NTS
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Moisture content
• 411 data points
– Average of 8.3%   – Stdev of 2.7%
– Min of 3.4% – Max of 31%
• A datum represents a point in space 
and time, which is not something that 
represents the system (average) effect.
• Could pull a value of 31% and run 
NTS as if it is an East coast site!
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Moisture content data
31%20%
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Moisture content
• 411 data points
– Mean of 8.3%   – Stdev of 2.7%
– Min of 3.4% – Max of 31%
• With this much data, CLT allows us 
to “calculate” a distribution of the 
average
– Mean of 8.3%
– Stdev of 2.7%/sqrt(411) = 0.14%
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Distribution of average
0.0
1.0
2.0
3.0
6.0 7.0 8.0 9.0 10.0
moisturecontent 
Values nearly all between 7.8% and 8.7%
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Correlation Example
• Correlation can currently be handled 
by 1 of 2 methods:
– Direct pairwise correlations
– Regression between variables
• Future could allow multivariate 
correlations (requires statistical 
modeling)
DOE Probabilistic SA/UA Workshop • March 2008
Correlation example
Correlated Colony 
lifespan and density
DOE Probabilistic SA/UA Workshop • March 2008
Correlation Example
• Basic formula is:
Excavated Volume (m3/ha-yr) = 
Nest Volume * Colony Density
Colony Lifespan
[Multivariate correlation structures are 
much harder to deal with]
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Correlation effects
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Correlation by Regression
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Construction lessons
• Lots of lessons learned
– Many stories to tell
• Statistical help is critical
– Find some statisticians you can talk to
– Who are not afraid of typically messy 
environmental data sets and problems
• For success:  Subject all input 
distributions to statistical rigor, 
documentation, peer review, openness
DOE Probabilistic SA/UA Workshop • March 2008
If done properly….
• Well specified input distributions 
lead to:
– Defensible decisions
– Useful UA, SA, and VoI
• Otherwise, all aspects of decision 
making are compromised
– Costs of taking unnecessary action
– Compromised SA
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Environmental Evolution
• Compliance using deterministic 
models
– Difficult to overcome inertia and 
intransigence in the industry (old dogs -
new tricks)
– Difficult to overcome established 
regulations
– Changes at the top-level take a long time 
to trickle down
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Environmental Evolution
• Successful history of compliance 
decisions using deterministic models
• Most regulations are deterministic
• Conservatism distorts and/or hides 
uncertainty of decisions
• Short-circuits continuing data 
exploration and iterative modeling cycle
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Environmental Evolution
• Deterministic modeling continues to be useful 
for exploring  processes of fate and transport 
• Augmented with probabilistic modeling allows 
quantification of uncertainty and more 
effective decision making 
• This was difficult 20 years ago, but is very 
possible now
• But still a continued reluctance to change (old 
dogs - new tricks?)
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Environmental Evolution
• Strong evidence of an evolutionary 
change towards decision analysis and 
probabilistic modeling
– ALARA, 191, NEPA, CERCLA
– White House circular, OMB, EPA SAB, 
EPA CREM, EPA PRA guidance, 
NUREG on PRA, SRA, NAS
– Professional literature on decision 
analysis, statistics, etc.
– Impact of changes in education
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PA/CA Application
• Probabilistic decision-based modeling 
becomes a decision tool to evaluate 
decision objectives
– Compliance
– Future disposal
– Closure
– Monitoring
– Maintenance and Operations
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PA/CA Application cont…
• DA becomes defensible
• SA becomes more effective at 
identifying important variables
• SA performed simultaneously for all 
input variables
• Models must be based on expectation 
and uncertainty to avoid compromised 
decision analysis process.
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New Guidance?
• Approach to decisions currently not 
covered by 435.1
– Use ALARA = decision analysis
• Relevant components of DA applied 
to PA/CA
– When is it appropriate?
– From input distributions (all issues 
above), to UA, SA, VoI, iteration, etc.
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Abstraction Session Overview
• E‐Area PA
– Case study involved reducing dimensionality only 
– 1D flow fields inferred from 2D UZ and 3D SZ 
simulation results. 
– Provided discrete flow fields to be built into 
GoldSim.  
– Compare PORFLOW transport simulations to 
calibrate GoldSim
Session Overview 
• All modeling should have clearly defined 
objectives.  The objectives can influence the need 
for and approach to abstraction.  (Rope example)
• An important reason for model simplification is 
improved communication with stakeholders
• The detailed and simplified models can be 
complementary.
• Abstraction can be difficult, but simplifications 
can be sometimes be made.  Sometimes not.
• What comparison criteria should be met to 
accept abstraction? 
Session Overview
• MDA G PA
– Abstraction of flow and transport in a complex hydrogeologic 
setting
– Developed a 3D model to estimate breakthrough at the 
compliance boundary
– The model incorporates available data and previous modeling
– Examined system behavior with 3D model.  Identify less 
important features/factors
– Systematic abstraction process  3D pathways to 1D pathways
Session Overview
– Dimensionality reduced without changing flow and 
transport behavior
– Comparison of 1D results with 3D simulations
– Linked to GoldSim through DLL for flexibility
– Abstraction of flow, reactive transport, and well 
capture
– Abstraction makes MC simulations practical
Session Overview
• Model Abstraction and Treatment of Model 
Uncertainty
– Importance of alternative conceptual models
– Model abstraction is part of a comprehensive 
approach to model uncertainty
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Model Abstraction for F Tank Farm PA
Greg Flach
Glenn Taylor
10 March 2008
Easting (ft)
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g
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Slit Trench 2
Slit Trench 1
SRS
NORTH TRUE
NORTH
Technical Challenges to Model Abstraction
• Multi-dimensional phenomena
• Sensitivity to small-scale features
• Non-linear / chaotic behavior
• Competing effects / mechanisms
three-dimensions, detail
full physics
Rope Example: Crack of a Bull Whip
• Sonic boom
? Detailed construction
? Mechanical properties
? Forcing function
? Air phase
? …
Rope Example: Catenary Deflection
• Rope supported at ends and hanging by own weight
theoretical
deflection
Settings Conducive to Model Abstraction
• Stakeholders often focus on simpler representations
in making decisions or gaining understanding
• not subject matter expert?
• limited time to understand complex model?
• management of uncertainties?
• more straightforward communication?
• detail obscures essence?
Settings Conducive to Model Abstraction
• Weak link in overall analysis is often
• choice of conceptual model / scenario definition
• existence of competing alternatives
• insufficient data
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F Tank Farm (FTF) Closure Application FTF Performance Assessment
• Stakeholders
• DOE
• SCDHEC
• EPA
• NRC
• Public
→Wide range of technical expertise and information
needs 
FTF Performance Assessment
• Technical challenges
• 10,000+ year period of performance
• Degradation of cementitious materials 
not well understood
• Data on long-term durability lacking
→ Significant uncertainty in failure scenarios and 
input data
Porflow and GoldSim Subsurface Transport
• Chose simple abstractions of actual system through
appropriate scenario definition
• Hybrid quantitative transport modeling approach:
• Porflow-based model for fuller physics
• multi-dimensions, detail
• GoldSim-based model for reduced physics
• one-dimension, coarser
• Reality → Scenario abstraction exceeds
Porflow → GoldSim abstraction
Three Part Modeling Framework Primary FTF Analysis Scenarios
• System performance as intended (Case A, Baseline)
• slow, gradual,
material degradation
• Worst-case performance (Case D, Fast Flow Path)
• early steel liner
failure
• infiltration funneled
to contamination zone
7-Flach-Taylor WSRC-STI-2008-00333
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Porflow to GoldSim Abstraction
•Vadose zone transport
• 2D Porflow flow field → 1D GoldSim flow field
• Physical flow is essentially 1D for Case A and D
•Aquifer transport
• 3D Porflow flow field → 1D GoldSim flow field
• 3D transport (using GoldSim "plume" function)
• Other physics preserved or enhanced
→ some aspects of multi-dimensional flow sacrificed
Vadose Zone Flow
Pre-liner failure                      Post-liner failure
1D flow during contaminant release
Aquifer Flow
• View 3D flow field
as a collection of
1D streamtubes
GoldSim Model
Preliminary Benchmarking Final Benchmarking
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Benchmarking Comparison between PORFLOW and GoldSim 
Radium Series Downstream Well Concentration from Tank 17
element: \Benchmarking\SatZoneBenchmark_LA\PORFLOW_SZ_Results\Tank17_U238_SZ_PORFLOW
Tank17_U238_SZ_PORFLOW
Tank17_U238_SZ_GoldSim
Tank17_U234_SZ_PORFLOW
Tank17_U234_SZ_GoldSim
Tank17_Th230_SZ_PORFLOW
Tank17_Th230_SZ_GoldSim
Tank17_Ra226_SZ_PORFLOW
Tank17_Ra226_SZ_GoldSim
Tank17_Pb210_SZ_PORFLOW
Tank17_Pb210_SZ_GoldSim
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Benchmarking Considerations
• Using hybrid approach means differences must be
explained
• Have to understand bumps and wiggles in all the
models, 
• but not necessarily match every aspect of results
• Both models should also be validated against reality
• What is a reasonable comparison?
Advantages of Hybrid Approach
• Independent QA check
• More complete physics (collectively)
• e.g. solubility controls
• Explaining differences forces better understanding
• Responsive to deterministic and probabilistic 
“camps” among stakeholders
• Benchmarked Goldsim model enables quick response
to future issues (e.g. Special Analyses)
Key Points and Questions
• Simplify when prudent (otherwise don't)
• Consider non-technical drivers for simplification
• Better yet … hybrid approach 
(full & reduced physics are complementary)
• Be persistent … sound abstraction not easy
• What level of agreement is sufficient?
7-Flach-Taylor WSRC-STI-2008-00333
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LA-UR-05-7393
Groundwater Transport 
Abstraction in a PA for a LLW 
Facility, Los Alamos, NM
Philip H. Stauffer 
Los Alamos National Laboratory
LA-UR-05-7393
Additional Collaborators
EES-6 EES-15
------------------------- ------------------------
Hari S. Viswanathan Everett P. Springer
Dave E. Broxton
Greg L. Cole
Carl W. Gable                                         EES-2
-----------------------
Tracy G. Schofield
SPO-CNP
---------------------
Bruce A. Robinson                                   FWO
---------------------
Sean B. French
And of course, many itterations with ROB SHUMAN
LA-UR-05-7393
Talk Outline
1) MDA G Background and Data
2) 3-D ground water model for MDA G
3) Reduce complexity of 3-D model
4) Link to probabilistic PA model
LA-UR-05-7393
Part I
MDA G Background and Data
Material Disposal Area G
• Low level waste
• 1957-present
• Large pits+shafts
• 20+ m deep
• Pajarito Plateau
• Finger mesas
• U, Pu, Tritium, 
Co, Cs, etc.
LA-UR-05-7393
Extensive Data 
1) Characterization over many years
2) Dozens of boreholes
3) Previous PA provided insight and data
4) Many modeling studies around LANL 
8-Stauffer WSRC-STI-2008-00333
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Location relative to White Rock Site Data from boreholes, GIS
Many Boreholes = a lot of site data
More data from two nearby 
Regional Ground Water Wells
Geology of the Bandelier Tuff
LA-UR-05-7393
Part II
3-D ground water model for MDA G
8-Stauffer WSRC-STI-2008-00333
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3-D Model 
– Calculates groundwater flow and transport 
– Output = Breakthrough at compliance boundary
– Incorporates available data and previous modeling 
– Covers an area much larger than the site
– Includes many rock types, topography, dipping beds
– Tests conceptual model hypotheses  
LA-UR-05-7393
Entire domain is 5 x 3 km
125 m coarse outside grid
Zoom in on the MDA G Mesa Edge
6.5 m grid
Numerical Simulator
FEHM
– Los Alamos code: finite volume, multiphase, heat and 
mass transfer in porous media
– Capable of simulating vapor transport processes, 
phase partitioning, air convection, reactive chemistry
– Wellbore capability embeds 2-D radial boreholes in 
existing 3-D grids
– Extensively used for YMP, WIPP, LANL ER, CO2
Sequestration, Hot Dry Rock, Methane Hydrate
Surface Saturation Example
Wet Pajarito Canyon
LA-UR-05-7393
Part III
Reduce complexity of 3-D model
8-Stauffer WSRC-STI-2008-00333
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LA-UR-05-7393
3-D Analysis can reduce 
probabilistic needs 
• Can rule out scenarios 
• Can put bounds on system behavior 
• Most defensible approach, can include 
high resolution interfaces and complex 
processes
Analyze Limited Pathways
To the Compliance Boundary
• 10 Infiltration Fluxes (0.1 – 10 mm/yr)
– Generate steady state 3-D flow field
• 8 Release Locations 
– 6 Pit Clusters      20 m deep 
– 2 Shaft Clusters  60 m deep
80 combinations to simulate
Locations of 8 Pit/Shaft Clusters
LA-UR-05-7393
Infiltration estimates from data and 
modeling studies
Wet Mesa 
Estimates
Dry Mesa 
Estimates
LA-UR-05-7393
Use Particle Tracking
• Fast simulations 
• Generate general flow path and timing 
• Particles have no numerical dispersion
3-D Scenario Testing Example 
Wet versus Dry Pajarito Canyon : No impact
8-Stauffer WSRC-STI-2008-00333
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3-D Model Sensitivity to Release Area
Release area is not important for PA
LA-UR-05-7393
3-D Model Used 
to Understand 
System Behavior
System Behavior Example
Thicker UZ = Slower particles
10 mm/yr
System Behavior Example
Lower infiltration = Slower particles
LA-UR-05-7393
Part IV
Link 3-D results into a
probabilistic PA model
FEHM
8-Stauffer WSRC-STI-2008-00333
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Abstraction Details
– Convert 80 3-D pathways to 80 1-D Pathways
• Micromixing theory
• 1-D pathways capture decay, ingrowth, sorbtion
– GoldSim samples 
• Sorption Kd (tuned to 3-D model)
• Infiltration rate                (discrete sampling)
• Inventory                         (estimates for pit clusters)
– GoldSim gives contaminant mass flux to FEHM
• 8 simultaneous FEHM 1-D simulations 
• FEHM returns mass flux to GoldSim
FEHM Micromixing Models: Macro RTDM
a) b)
0=λλDecreasing
Plug Flow
0=ααIncreasing
Plug Flow
Cin
t
Cin
t
Cout
t
Cout
t
λλλ d+
a)
b)
Robinson, B. A., and H. S. Viswanathan, 2003. Application of the theory of 
micromixing to groundwater reactive transport models, Water Resour. Res. 
39(11), 1313, doi:10.1029/2003WR002368. 
Abstraction Assumptions
– To first order, travel time is not affected by 
uncertainty in hydrologic properties (porosity, 
saturation, bulk density)
– Mass flux returning to GoldSim hits the water 
table with the footprint of the overlying cluster
– Subsequent flow to a drinking water well at the 
compliance boundary is a second abstraction
Abstraction Detail
Estimating 1-D Kd from 3-D Kd
3-D Simulation 3-D Simulation
Slope of the red line is the Kd used in the 1-D abstraction
LA-UR-05-7393
Ground Truth 1-D vs 3-D
Not exact matches but does capture general behavior 
LA-UR-05-7393
Drinking Water Well 
Abstraction
8-Stauffer WSRC-STI-2008-00333
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Example of Mass Arrival Footprint 
at the Regional Aquifer
Points colored by node number
Example of 3-D Model Used to 
Abstract Well Capture
Output from this 
analysis is a 
capture efficiency 
for each cluster 
footprint at 
several well 
pumping rates.  
Conclusions
• 3-D ground water model can be abstracted to 
capture 1st order effects 
• Model abstraction takes time, but is especially 
useful to make PA calculations tractable.
– PA requires 1000s of realizations for each run 
– may need to be run 100s of times to fix bugs in all 
submodels etc.
• Reduction in complexity must be defensible
LA-UR-05-7393
THANK YOU
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Model Abstraction and Treatment 
of Model Uncertainty
Matthew W. Kozak
Monitor Scientific LLC
Denver, CO
mkozak@monitorsci.com
Monitor Scientific
Scope of the Presentation
• Introduction of an overall structure of 
uncertainty analysis
• Approaches to the use of alternative 
conceptual models
• Case studies
Monitor Scientific
Structure of Uncertainty or 
Importance Analysis
Additional ScenariosScenario 1 Scenario 2
Model 1a Model 1b Model 2a Model 2b Model 2c Additional Models
Alternative
Parameters
For Model 
1a
Alternative
Parameters
For Model 
1b
Alternative
Parameters
For Model 
2a
Alternative
Parameters
For Model 
2b
Alternative
Parameters
For Model 
2c
Analysis, Evaluation, and Combination of Results: “Decision Filter”
DECISION
Monitor Scientific
Deterministic Analyses
Additional ScenariosScenario 1 Scenario 2
Model 1a Model 1b Model 2a Model 2b Model 2c Additional Models
Alternative
Parameters
For Model 
1a
Parameter
Set N
Alternative
Parameters
For Model 
2a
Alternative
Parameters
For Model 
2b
Alternative
Parameters
For Model 
2c
Choose a single set or group of results by expert judgment
DECISION
Monitor Scientific
Monte Carlo Analyses
Additional ScenariosScenario 1 Scenario 2
Model 1a Model 1b Model 2a Model 2b Model 2c Additional Models
Alternative
Parameters
For Model 
1a
Alternative
Parameters
And P(xi)
Alternative
Parameters
For Model 
2a
Alternative
Parameters
For Model 
2b
Alternative
Parameters
For Model 
2c
Treat scenarios and models deterministically, and parameters 
probabilistically
DECISION
Monitor Scientific
Consideration of broader uncertainties
Additional ScenariosScenario 1, 
P(S1)
Scenario 2, 
P(S2)
Model 1a
P(M1a)
Model 1b
P(M1b)
Model 2a, 
P(M2a)
Model 2b, 
P(M2b)
Model 2c, 
P(M2c)
Additional Models
Alternative
Parameters
And P(xi)
Alternative
Parameters
And P(xi)
Alternative
Parameters
And P(xi)
Alternative
Parameters
And P(xi)
Alternative
Parameters
And P(xi)
Probability Assigned to each set of Scenario, Model, and Parameter Set
DECISION
9-Kozak WSRC-STI-2008-00333
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Monitor Scientific
Origins of alternative conceptual 
models
• Differing assessment context
– Degrees of conservatism 
– Regulator vs. developer
– Differing analysts
• Differing scenario definitions
• Exploratory conceptual models
– Evaluation of alternative assumptions
– Performance margin analysis
Monitor Scientific
Performance margin analysis
• Evaluate assumptions that are 
credible, but difficult to defend
• A quantification of “conservatism” 
• Can provide strength to licensing 
arguments
Monitor Scientific
Case study: Yucca Mountain 
volcanism
• Aggregated expert opinion has been used to estimate the 
probability of igneous activity at the repository is 1.6E-8 y-1
• DOE’s consequence analysis is carried out in a very 
conservative manner
– The dike is not diverted by thermally-generated stresses
– The waste package does not limit releases from the fuel
– No cleanup of ash occurs at the compliance point
– Wind direction is uniform toward receptor
– Ash fall of respirable particles
– Vents only form at drifts 
• The repository meets regulatory criteria even with these 
assumptions
• EPRI undertook a performance margin analysis
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Monitor Scientific
Evaluation of the effect of 
compounding conservatisms
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Time (y)
Probability-weighted 
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5.0%
50.0%
95.0%
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1.00E-04
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1.00E-01
100 1000 10000 100000 1000000
Time of eruption (y)
Dose 
(mrem/y)
Year 1
Year 2
Year 10
Total
EPRI model without “excessive” 
conservatism produces 9 orders of 
magnitude lower consequence
With assumptions comparable to 
DOE, results on the same order of 
magnitude as DOE
Monitor Scientific
Case study: Vaalputs, South Africa 
near field modeling
Monitor Scientific
Necsa 
Unstabilized
LLW 
Necsa 
Stabilized 
LLW
Necsa 
Stabilized 
ILW
Necsa 
Stabilized 
LLW
Necsa 
Stabilized 
ILW
Unsaturated ZoneForward Dispersive 
Transport
Advective transport
Advective transport
Backward 
Dispersive Transport
Saturated Zone
Well concentration
= 
Transport Rate/Pumping Rate
Cover
Surface Soil
Upward advective 
transport?
Erosion
Vaalputs conceptual model
9-Kozak WSRC-STI-2008-00333
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Monitor Scientific
Consideration of alternative models
• Alternative models for 
developed for the near field
– Advective releases in waste 
packages
– Diffusive releses in waste 
packages
– Alternative bio-geochemical 
considerations
– Alternative failure rate 
models for engineered 
barriers
• Models implemented in 
EcolegoTM
• Independent model 
development and 
implementation by South 
African project team
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Monitor Scientific
Model Abstraction
• The process of model abstraction is not 
just derivation of simple from complex, or 
more conservative from less
• Viewed as part of a more comprehensive 
approach to model uncertainty
• Model intercomparison seen as a primary 
tool for producing credibility 
• Necessarily involves consideration of 
alternative points of view
Monitor Scientific
Summary
• Full treatment of uncertainty includes more than just Monte 
Carlo treatment of uncertain parameters
• The questions that are answered through treatment of 
model uncertainty can be of greater interest to the regulator 
than parameter uncertainty
• Comparing results of alternative models can
– Address technical questions about relevant system behavior
– Evaluate conservatism
– Provide quality assurance 
– Strengthen arguments for the licensing case
• Address model abstraction through model intercomparison
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Input Distributions
Model Abstractions
– Distribution forms
– Data issues (local; literature; subjective; data deficiencies)
– Distribution sampling in probabilistic simulations
– Distribution pitfalls/issues
• Correlations
• Compounded conservatism 
• Spatial and temporal averaging
• Plausibility of sampled values from distributions
• Iterative process: distribution development, simulation, sensitivity 
and uncertainty analysis
• Missing uncertainty components
? Retrospective review of existing PAs
? Post-audit review of distributions from model output
? Credibility of results
? Uncertainty of dose conversions and scenario parameters
? Input distributions: biotic components
? Establishing advantages of probabilistic models
? Examples, documentation
? Guidance for developing PDFs
? Skepticism concerning the value of probability modeling
? Credibility of simplified probabilistic models
? Multiple sites with probabilistic modeling experience
? Positive reactions: regulators
? Take advantage of the probabilistic modeling experiences of other 
sites
? Issues
?Model objective can influence the need for and 
approach to simplification.
?When can the system be simplified?
?When is deterministic enough?
? Advantages of a simplified model
?Computational efficiency
?More accessible to stakeholders
?Models informing models
?Quality Assurrance
?Quick response to Special Analyses
? Needs
?Comparison criteria – link to decision
?Structured systematic approach to abstraction
?Retrospective reviews of existing PAs
?Model intercomparisons
? Alternative conceptual models
10-1&2 Summary WSRC-STI-2008-00333
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Arthur S. Rood
Idaho National Laboratory
Sensitivity and Uncertainty 
Analysis for Low-Level 
Waste Performance 
Assessment
Objective
• Outline a process for performing 
sensitivity/uncertainty analysis for a low-
level waste performance assessment 
• Illustrate the process using the performance 
assessment for the Radioactive Waste 
Management Complex at the Idaho National 
Laboratory
PA Modeling Process
• Develop conceptual model 
• Develop numerical model of flow and transport
• Develop source term
– Screen radionuclides
• Model validation/calibration
• Abstract numerical model into a simpler form 
• Perform deterministic model runs
• Perform sensitivity/uncertainty analysis
– One-Factor at a Time (OFAT) sensitivity analysis
– Parametric uncertainty/sensitivity analysis
Sensitivity/Uncertainty Analysis Process
• Define the assessment question
• Use the deterministic results to select important 
radionuclides 
• Perform OFAT sensitivity analysis
• Select parameters to consider stochastically and 
develop distributions
• Develop tools to calculate parametric uncertainty
• Perform parametric uncertainty analysis
• Perform sensitivity analysis using the results of the 
parametric uncertainty analysis 
Define the Assessment Question
• What is the all-pathway EDE in a given year after 
closure to a hypothetical person who resides 100 m 
downgradient from the disposal facility?
– Does the dose exceed the performance criteria?
– Physical characteristics and ingestion rates are 
specified by the exposure scenario and not 
considered stochastically
– Uncertainty not considered for dose coefficients 
or food chain transfer factors
– The assessment question is deterministic in 
nature 
– Uncertainty in model-predicted doses arise from 
uncertainty in predicting radionuclide 
concentrations in environmental media 
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Select Radionuclides
from Deterministic 
Results
Maximum All 
Pathway Doses:
1984-2110
(H-3, Tc-99 Cl-36, I-129)
Maximum All 
Pathway Doses:
2110-3010
(Cl-36, Tc-99 H-3, I-129
C-14)
Maximum All 
Pathway Doses:
>3010
(Cl-36, U-235, U-238
Tc-99, I-129, Np-237)
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Some Important Assumptions and Processes 
Considered in RWMC PA Uncertainty Analysis
Operation Period: 
Enhanced infiltration 
through open pit.
Interbed
Interbed
Interbed
Fractured
Basalt
Alluvium
Aquifer
Compliance Period – Design-base 
infiltration rate
through cover, background
infiltration through vadose zone.
Interbed
Interbed
Interbed
Fractured
Basalt
Alluvium
Aquifer
Compliance and post-compliance 
period – Degraded
cover with background infiltration
through waste and vadose zone.
Interbed
Interbed
Interbed
Fractured
Basalt
Alluvium
Aquifer
One-Factor-at-a-Time Sensitivity 
Analysis
• Illustrates the impact of changing one parameter or  
assumption on the model results
• Is useful for examining the impact of key 
assumptions and parameters on model output
• Provides an alternative deterministic answer to the 
assessment question
Factors Considered in OFAT Sensitivity 
Analysis in the RWMC PA
• Delay time in the release of 3H from waste forms
• Installation of infiltration-reducing cover
• Presence of low-permeability zone in aquifer 
beneath the Radioactive Waste Management 
Complex low-permeability zone
Sensitivity of All Pathway Dose to Cover 
Installation
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Parametric Uncertainty and Sensitivity 
Analysis
• Uncertainty Analysis provides a measure akin to the  
Precision of a model’s output given lack of 
knowledge in the model’s input parameters
– Does not address the accuracy of the model 
which is only addressed through model 
validation
– Sensitivity analysis provides a measure of the 
importance of a given parameter in terms of its 
effect on the variability of the output variable
11-Rood WSRC-STI-2008-00333
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Define Uncertain Parameters
Radionuclide Inventory
and Release Rates from
Waste Forms
Cover Longevity
Background infiltration
Infiltration through
open pits
Infiltration through cover
Dispersion in aquifer
Darcy velocity
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Defining Parameter Distributions
• The parameter distribution quantitatively expresses 
the present state of knowledge about the 
appropriate parameter value
• Parameter distributions may be based on empirical 
data, but ultimately involve the subjective judgment 
of the analyst
Implementing Monte Carlo Uncertainty 
Analysis
• Use models with built-in Monte Carlo drivers
– GoldSim, MEPAS
• “Wrap” models in a Monte Carlo shell 
– The “Wrap” is best performed using scripting language like 
Perl 
• The “Wrap” approach offers the most flexibility but requires 
custom code development to implement a site-specific 
analysis
• One-hundred model realizations can provide a good estimate 
of the central value, but more are needed to define the tails of
the distribution
• 250-500 realizations combined with tolerance intervalsa can 
provide reliable estimates of the tails of the output distribution
a. see Hahn and Meeker (1991)
Perl Script for Monte Carlo Uncertainty Analysis
Define Parameter
distributions, number
of model realizations, output times
Sample 
distributions
Write input files
for source, vadose
zone, and aquifer
models
Write sampled
values to file
Begin loop
Execute source, VZ flow 
and transport models (MCM)
Execute aquifer model 
(GWSCREEN)
Write output values to files
(Concentrations and Doses)
Done?
Compute statistics
END
Perl Script
Yes
No
Wrapped models
Output Files
Time            H-3      Cl-36      Tc-99 
5.0000e+001  5.213e-005 2.721e-010 6.538e-009
5.0000e+001  1.023e-004 2.673e-010 1.355e-008
5.0000e+001  7.407e-005 3.785e-010 1.429e-008
5.0000e+001  1.884e-004 8.865e-010 3.869e-008
5.0000e+001  3.054e-004 9.574e-010 4.154e-008
5.0000e+001  5.176e-005 4.123e-010 1.062e-008
5.0000e+001  3.441e-004 9.879e-010 6.508e-008
5.0000e+001  5.994e-004 2.362e-009 8.527e-008
5.0000e+001  6.391e-005 1.193e-010 6.796e-009
5.0000e+001  6.592e-005 2.315e-010 1.279e-008
5.0000e+001  7.550e-004 1.076e-009 7.879e-008
5.0000e+001  6.563e-005 2.528e-010 1.721e-008
Time            H-3      Cl-36      Tc-99 
5.0000e+001  6.047e-003 3.374e-005 2.203e-005
5.0000e+001  1.187e-002 3.315e-005 4.566e-005
5.0000e+001  8.591e-003 4.695e-005 4.816e-005
5.0000e+001  2.186e-002 1.099e-004 1.304e-004
5.0000e+001  3.543e-002 1.187e-004 1.400e-004
5.0000e+001  6.004e-003 5.112e-005 3.578e-005
5.0000e+001  3.992e-002 1.225e-004 2.194e-004
5.0000e+001  6.953e-002 2.929e-004 2.873e-004
5.0000e+001  7.415e-003 1.479e-005 2.290e-005
5.0000e+001  7.646e-003 2.871e-005 4.310e-005
qsrc qvz qpre aux        ax         u          cft ukd
1.012e-003 1.368e-002 4.687e-002 0.000e+000 3.004e+001 1.145e+000 9.326e+002 1.398e+001
1.590e-003 1.609e-002 4.532e-002 0.000e+000 1.738e+001 6.699e-001 4.824e+002 5.727e+001
1.034e-003 1.158e-002 5.541e-002 0.000e+000 3.050e+001 1.134e+000 4.605e+002 3.621e+001
7.357e-004 9.528e-003 7.164e-002 0.000e+000 1.828e+001 7.241e-001 7.062e+002 1.172e+001
8.771e-004 1.173e-002 7.207e-002 0.000e+000 2.786e+001 5.690e-001 7.478e+002 8.841e+001
1.689e-003 1.029e-002 5.177e-002 0.000e+000 2.771e+001 6.948e-001 7.826e+002 1.760e+000
Concentrations Doses
Sampled Values
Summary Statistics
• In many cases, the output distribution of the 
assessment question spans several orders of 
magnitude and is not defined by a known 
distribution (e.g., normal, lognormal)
• Output can be summarized in terms of percentiles of 
the output distribution with non-parametric 
tolerance intervals as described in Hahn and Meeker 
(1991)
• Plot the output distribution as a function of time
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Temporal Dependence of the Uncertainty in the All 
Pathway EDE for the RWMC Performance Assessment Sensitivity Analysis Procedure
• Perform rank correlation of output variable to each 
parameter value
– Rank correlation is non-parametric – does not 
depend on the distribution of the parameter or 
the output variable
• Check for significance of the rank correlation 
coefficient
• Generate scatter plots of output variable and 
selected parameters
• Approximate the percent contribution to variance
( )
( )
100%
1
×=
∑
=
n
i
i
i
i
RCCABS
RCCABSV
Rank Correlation Results
S = Significant Correlation Coefficient
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Rank Correlation Results (continued)
S = Significant Correlation Coefficient
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Scatter Plots of Selected Parameters
Scatter plot of Tc-99 EDE at year 11,984 vs
inventory scaling factor. Tc-99 doses are 
insignificant at this time
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Percent Contribution to Variance (continued)
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Summary and Conclusions
• Parameter uncertainty and sensitivity analysis 
provide a measure of the variability of the model 
output to choice of parameter values and 
assumptions
• Parameter uncertainty and sensitivity depend on the 
output time, output variable, and parameter 
distributions
• Can provide a measure of the reliability of the model 
in terms of demonstrating performance objectives
• Does not provide information regarding the 
accuracy of the model in terms of predicting 
concentrations in the environment – Only model 
validation can provide that
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So That All Works in Theory
— How Does it Happen?
Implementation Issues in 
Uncertainty and Sensitivity Analysis
John Tauxe
and a lot of other folks at
Neptune and Company
www.neptuneandco.com/~jtauxe
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Presentation Outline
How to handle
• conceptual model uncertainty
• mathematical model uncertainty
• input parameter uncertainty
How to assess
• overall uncertainty in results
• parameter sensitivity
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Uncertainty and Sensitivity
• Uncertainty
All model inputs (and the model itself) are 
uncertain to varying degrees. This uncertainty 
is propagated through to uncertain results.
• Sensitivity
Each of these input parameters helps determine 
the outcome of the model. Some are more 
influential than others.
SA determines which parameters have the most 
influence on a particular result (e.g. dose).
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Uncertainty in the 
Conceptual Model
Examples of typical CM uncertainty:
• hydrogeology and geochemistry
• receptor exposure scenarios
• engineered barrier failure scenarios
• natural evolution of the site
These are often handled by including 
various alternatives in the modeling.
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Uncertainty in the 
Mathematical Model
Even for a given conceptual model, there 
may be different ways to implement it.
• Type of model:
numerical, analytical, hybrid?
• Simplifying assumptions:
e.g. use of linear Kd, dose conversion factors?
• Equations to represent a process:
an example follows...
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Model Uncertainty – An Example:
Air Phase Tortuosity
Tortuosity is the ratio of the straight-line distance
in a porous medium to the actual (tortuous) path.
66.0=aτ
2
3/7
φ
θτ aa =
3/2φ
θτ aa = wa θτ 02.2765.0 −= ( )φφτ 1466exp wwa SS −−=?
? ? ?
path
a L
L=τ L
Lpath
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Air Phase Tortuosity Equations
bulka
eff
a D
D
θτ =
general definition
(Clennell, 1997)
66.0=aτ
Penman model 
(Jin and Jury, 1996)
2
3/7
φ
θτ aa = 3/2φ
θτ aa =
wa θτ 02.2765.0 −=
( )φφτ 1466exp wwa SS −−=
two Millington and Quirk models
(Jin and Jury, 1996)
empirical model–silt and fine sand
(Lahvis et al., 1999)
empirical model for radon-222
(Rogers and Nielson, 1991)
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Air Phase Tortuosity Equations:
The Where Block
tortuosity in the air phase (L/L)τa
Deff effective diffusivity (L2/T)
bulk diffusivity (L2/T)Dbulk
θa
φ
Sw
volumetric air content (L3/ L3)
porosity (L3/ L3)
saturation with respect to water (L3/ L3)
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Air Tortuosity References
• Clennell, M.B. 1997.  Tortuosity: a guide through the maze. in 
Developments in Petrophysics, Lovell, M.A. and P.K. Harvey (eds).  
Geological Society Special Publication No. 122, pp. 299-344.
• Jin, Y. and W.A. Jury. 1996. Characterizing the Dependence of Gas 
Diffusion Coefficient on Soil Properties. Soil Sci. Soc. Am. J., 60: 
66-71.
• Lahvis, M.A., A.L. Baehr, and R.J. Baker. 1999. Quantification of 
Aerobic Biodegradation and Volatilization Rates of Gasoline 
Hydrocarbons Near the Water Table Under Natural Attenuation 
Conditions.  Water Resour. Res. v. 27, 753-765.
• Rogers, V.C. and K.K. Nielsen. 1991. Correlations for Predicting 
Air Permeabilities and 222Rn Diffusion Coefficients of Soils. Health 
Physics, v. 61, 225-230.
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Tortuosity Model Uncertainty:
Implementation 1/2
bulka
eff
a D
D
θτ =
66.0=aτ
2
3/7
φ
θτ aa =
3/2φ
θτ aa =
wa θτ 02.2765.0 −=
( )φφτ 1466exp wwa SS −−=
Use a discrete stochastic 
to randomly pick one of 
the models to use.
1
2
3
4
5
6
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Tortuosity Model Uncertainty:
Implementation 2/2
Then use a Selector to 
define the actual function.
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Uncertainty in the 
Model Input Parameters
• uncertainty vs natural variability
(epistemic vs aleatory uncertainty)
• quantifiable basis of uncertainty
various supporting information
• representation of uncertainty
input parameter distributions
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A PA Influence Diagram
uncertainties
throughout
dose/risk assessment
inventory
release model
receptor types
receptor locations
receptor behaviors
fate and transport
media concentrations
(air, water, soil...)
radioactive
decay & ingrowth
water transport
biotic transport
air transport
human intrusion
dose conversion
factors
engineered
barriers
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Influences in Water Transport
water transport
uncertainties throughout
evapotranspiration
aqueous geochemistry
and biogeochemistry
radioactive
decay & ingrowth
soil/water
partitioning
retardation
air/water
partitioning
advection
dispersion
saturated
zone flow
unsaturated 
zone flow
engineered barrier 
degradation
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Many Types of Distributions are 
Available to Represent Uncertainty
uniform
normal
triangular
gammalog-normal
What is chosen must have some basis in reality.
discrete
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Parameter Distributions are 
Subject to Updating
porosity,
for example
from Price, et al., NUREG/CR-6948
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Monte Carlo Simulation
• Select time 
stepping
• Select number of 
realizations
• Select seed
• Select use of 
Latin Hypercube 
Sampling
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Assessing Uncertainty
0 200 400 600 800 1000
time (yr)
0 200 400 600 800 1000
time (yr)
• Does not represent 
uncertainty
• Increased chance 
of making the 
wrong decision
• Reflects 
uncertainty clearly
• Decision maker 
has to evaluate 
comfort level
Single deterministic answer Many probabilistic answers
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0 100 200 300 400 500 600 700 800 900 1000
time (yr)
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Probabilistic Results
Showing statistical summaries, or...
mean
median
25%
5%
75%
95%
upper bound
lower bound
DOE Probabilistic SA/UA Workshop • March 2008 20
0 100 200 300 400 500 600 700 800 900 1000
time (yr)
Probabilistic Results
... or showing all realizations.
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Sensitivity Analysis
• Based on thousands of plausible PA 
model realizations.
• A result endpoint is selected, such as a 
concentration or a future dose.
• SA software, such as that developed at 
Neptune and Company using R, evaluates 
correlations between all stochastic input 
parameters and the endpoint.
R is an open-source statistical package: www.r-project.org
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R² > 99%
GBM fit – Excellent
Comparisons of 
predictive capability of 
the Gradient Boosting 
Model to GoldSim 
results
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R² > 5%
GBM fit – Poor
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R² > 69%
GBM fit – Provocative
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Understanding the SA Plots
range of parameter values
shape of
input 
parameter 
distribution
sensitivity
index (SI)
is relative to
significance
partial
dependence
shows
sensitivity
as a function
of range
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SA on the Generic PA
Estimates of Saturated Zone Flux and Infiltration have 
tighter distributions, ostensibly from monitoring data.
SA for Resident Farmer dose at 100 y
Most significant:
1. inventory of 129I
2. inventory of 99Tc
3. infiltration rate
4. porosity of rockpa
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Dose Results • Generic PA
This could be further broken down by exposure pathway.
Early doses are from I-129 and Tc-99.
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SA on the Generic PA
Estimates of Saturated Zone Flux and Infiltration have 
tighter distributions, ostensibly from monitoring data.
SA for Resident Farmer dose at 10,000 y
Most significant:
1. Kd for uranium
2. infiltration rate
3. inventory of 235U
4. inventory of 234Upa
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Sensitive Parameters
The sensitive parameters are indicated for 
updating in order to improve the PA Model:
• [low] saturated zone flux of water
• [high] rate of water infiltration
• [low] Kd for U (do some lab or in situ work)
• inventory uncertainties – these can be 
especially challenging
Update information through research, elicitation, 
experimentation, fieldwork, or monitoring.
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Value of Information Analysis
• Evaluate VOI from updating activities.
• Determine value of continued updating 
and refinement (this cannot be done with 
a deterministic model).
• Decide when updating no longer provides 
useful information or becomes too 
expensive (time to stop).
This is essentially a cost/benefit analysis.
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Developing Intuition
A question was recently raised: “How can a 
distribution with a small range be more important 
than one with a larger range?”
For example: aquifer thickness vs Pu Kd
uniform
5 to 20 m
log-normal
µ 6000 mL/g
σ 1000
Aquifer thickness is more important because dose varies inversely 
with it over its entire range. Kd is important only over a limited range.
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Experiment with the Model!
The best way to get a feel for your site 
and how it is represented in a PA 
model is to fiddle around with it.
http://www.neptuneandco.com/goldsim/generic
Get a copy of the Generic PA model here:
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Lessons Learned
• Clarity of model structure makes a 
difference in how it behaves.
• Appropriate definition of distributions 
is important.
• Symmetry of even poorly known 
distributions helps to keep the model 
statistically well-behaved, aiding the 
decision-making process.
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Take Home Points
• Performance Assessment is most useful in the 
context of decision making under uncertainty.
• Sensitivity Analysis can identify the most 
important parameters at a site, and can direct 
monitoring or other means of improving 
defensibility.
• Probabilistic Analysis is necessary to achieve 
both these benefits.
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Regarding Guidance
• NRC is currently leading in this area:
NUREG-1573: PA Methodology
NUREG/CR-6805: Strategy for Hydrogeologic Modeling and UA
NUREG/CR-6948: Groundwater Monitoring Strategy
• DOE G 435.1 could use enhancement, 
and would be the most appropriate for 
DOE Site PAs
• 10 CFR 60 and 61 have that seminal 
phrase, “reasonable assurance”
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The Roles of UA and SA in 
Real World Decision Making
Paul Black
Neptune and Company
www.neptuneandco.com
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Presentation Outline
• Some motivation
– Place of UA and SA in Decision Analysis
• Uncertainty Analysis
• Sensitivity Analysis
• Some examples
• Where guidance might be helpful
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Decision Analysis
• “Formalized common sense”
• A set of tools for structuring and 
analyzing complex decision problems
• Logical, reproducible, and defensible 
decisions in the face of:
– Technical complexity
– Uncertainty
– Costs and value judgments
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Decision Analysis Components
• Decision options
• Probabilistic model (uncertainty)
• Utility functions (costs and values)
• Uncertainty analysis
• Sensitivity analysis
– Value of information
• Collect new information and iterate?
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Uncertainty Analysis
• “The magnitude of the uncertainty of 
the model responses” (Saltelli)
• Or, the variance or standard deviation 
component of the output
• How much uncertainty can be 
tolerated?
• Mean, median, 95th percentile? When 
comparing output with Objectives 
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Uncertainty Analysis cont…
• Saltelli (etc.) assumes uncertainty is 
characterized
• Meaning, probabilistic modeling
• If deterministic modeling, then UA 
becomes qualitative only
• Not as easy to defend.
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Other uncertainty considerations
• For a PA/CA model, should consider 
uncertainty analysis across time
• Also can look at uncertainty as a 
function of simulation parameter
– How many Monte Carlo realizations are 
needed for simulation stability
• Mean
• 95th percentile
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Sensitivity Analysis
• “The study of how the variation in the 
output of a model (numerical or 
otherwise) can be apportioned to 
different sources of variation” (Saltelli)
• Again assumes a numerical model of 
uncertainty (i.e., a probabilistic model)
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PA/CA Problem
• How to conduct a sensitivity analysis 
for a
– Complex,
high dimensional,
non-linear,
non-monotonic,
probabilistic environmental model?
Sensitivity Analysis
Given a model:
Y = f (X)
Sensitivity analysis is aimed at 
describing the influence of each 
input variable Xi on the model 
response Y
Sensitivity Analysis
• Local sensitivity analysis
– Differential analysis, local to a value 
of Xi
• One-At-a-Time (OAT)
– Normalize variables to compare sensitivities
iX
f
∂
∂ )(X
Sensitivity Analysis
• Global sensitivity analysis
– Partitioning output (Y) variance
– Explaining the influence of each input (Xi) on 
the output (Y) through variance decomposition
– Assumes a probabilistic model
)(Var
)]|(E[Var
Y
xY
S iXi i=
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Desirable Properties
of a SA method
• Efficiency
– account for all effects while being 
computationally affordable
• Simplicity
– implementable and interpretable
• Model Independent
– The method can handle non-linearity
K. Chan, S. Tarantola and A. Saltelli, 2000, Variance-Based Methods, in Sensitivity 
Analysis, A. Saltelli, K. Chan,  E.M.Scott.  John Wiley and Sons.
Global Sensitivity Analysis
• Approaches
– Standardized rank regression coefficients 
(SRRC)
– Fourier Amplitude Sensitivity Test (FAST)
• Saltelli
– Data Mining and Machine Learning 
approaches adapted to SA for complex 
probabilistic models.
Global Sensitivity Analysis
• Fourier Amplitude Sensitivity Test 
(FAST)
– Breaks down variance using Fourier 
transform functions
– Handles main and interaction effects
K. Chan, S. Tarantola and A. Saltelli, 2000, Variance-Based Methods, in Sensitivity Analysis, A. 
Saltelli, K. Chan,  E.M.Scott.  John Wiley and Sons.
Issues
• SRRC 
– Trouble with non-monotonic non-linear 
models.
– Trouble with interaction effects in high 
dimensional models
• FAST
– Separate model runs
– Computationally challenging
Possible Solutions
• Data mining or Machine learning methods
– Multivariate Adaptive Regression Splines
– Random Forests (Bagging)
– Gradient Boosting Machine (GBM)
• Multiple additive Regression Trees (MART)
• Basically, fancy regression models for 
evaluating complex systems or models
• But, they overcome the issues !
Gradient Boosting Machine
• Data-mining algorithm also used in 
machine-learning
• Binary Recursive Partitioning:
– Sequentially constructs regression trees to 
further explain variability
• Sensitivity indices calculated for each 
input variable based on the Gradient 
Boosting Machine fit of the probabilistic 
simulation results. 
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Example of Partial Dependence
Gradient Boosting Machine
• Overall – GBM is….
Building a complex statistical model –
non-linear, non-monotonic – to describe 
the environmental model
• Efficiently and effectively finds the most 
sensitive variables
Examples
• Some from LANL MDA G (2000)
– Overall UA plot
– Overall SA plot
• Some from NTS LLW sites (2006)
– Partial dependence plots for input 
variables
– Reduction in uncertainty and reduction 
in conservatism plots
– Simulation uncertainty
LANL Model Response – UA
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LANL Model Response – SA
n=500 NTS Area 5 RWMS Example
• Several PA model revisions based on SA:
– Cover thickness – Air tortuosity
– Upward advection – Biotic uptake
– Inventory – Radon model
– Mgmt. controls – averaging
• Revised models removed conservatism 
and reduced uncertainty
• SA process worked
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DOE Probabilistic SA/UA Workshop • March 2008
Changes in Mean with Model Version
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Changes in 95th - 5th Percentile Range with Model Versions
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Partial dependence plots
Simulation Uncertainty
DOE Probabilistic SA/UA Workshop • March 2008
realizations
mean
95th
DOE Probabilistic SA/UA Workshop • March 2008
SA for Probabilistic models
• SA becomes more effective at 
identifying important variables
• SA performed simultaneously for all 
input variables
• Models must be based on expected 
values and uncertainty to avoid 
compromised DA process.
– Realism – not conservatism
DOE Probabilistic SA/UA Workshop • March 2008
SA for Probabilistic models
• Critical to have well-structured model 
and well-specified model
• SA is just like any other analysis
– GIGO
• Or, if model structure or distributions 
have problems then SA is compromised, 
since it depends on the input.
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Finally…
• The decision context:
– Is the uncertainty in the model response 
too high?
– Is there value in reducing input 
uncertainty?
– SA and cost used to identify factors that 
require additional information.
DOE Probabilistic SA/UA Workshop • March 2008
PA Decisions under Uncertainty
• How much uncertainty can be tolerated?
• Compliance
– Mean, median, 95th percentile?
• Future Disposal, Closure
– Trade-off between costs and risk reduction
– Use ALARA
• Monitoring, Special Studies
– Value of Information
– Stopping rules
DOE Probabilistic SA/UA Workshop • March 2008
New Guidance?
• SA (and UA) guidance for 
interpreting and applying the results 
of probabilistic PA/CA models
• With respect to the decisions that 
need to be made
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